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ABSTRACT
Rapid technological advances in industry, transportation, energy 
production, and agriculture have resulted in increased environmental 
pollution of toxic materials. Following the passage of federal 
pollution regulations beginning with the first Clean Air Act Amendments 
in 1977, industry has become more aware of the environmental 
consequences of these technological advances. In recent years, there 
has been an increased effort to improve the quality of life by 
minimizing pollution on a global scale.
The utilization of fossil fuels is one source of toxic materials 
in the environment. A necessary step to understanding the emissions of 
toxic metals from combustion and gasification of coal is quantitation of 
the various elements at all stages of these processes. The analytical 
techniques used in this investigation were x-ray fluorescence, atomic 
absorption spectroscopy, inductively coupled plasma atomic emission 
spectrometry, and neutron activation analysis. The repeatability and 
reproducibility for each analytical technique was determined for the 
seven elements of interest using control charts and statistical tests.
A statistical comparison of results from different analytical 
techniques for measurement of seven trace elements (As, Cr, Cd, Hg, Ni, 
Se, and Pb) in coals was conducted. A comparison of results obtained by 
chemical fractionation, a selective leaching technique done on coal, was 
completed. From the this study, a determination of the most appropriate 






Rapid technological advances in industry, transportation, energy 
production, and agriculture have greatly improved our way of life. Many 
of these advances have, however, complicated matters by contributing 
toxic materials to the environment polluting the air, water, and soil 
which allow toxic substances to be introduced into the food chain. At 
the same time, increasing population has escalated pollution from the 
use of these technological advances. As early as 1899, federal, state, 
and local governments began imposing regulations governing pollution, 
which over the years have resulted in significant advances in the 
reduction of environmental pollution. For example, lead (Pb) and 
hydrocarbon pollution from automobiles and other vehicles has been 
reduced by using unleaded gasoline and such devices as catalytic 
convertors. Today, there is a concerted effort to improve the quality 
of life by minimizing pollution on a global scale (Chaudhary, Ahmad, 
Mannan, & Qureshi, 1984).
The utilization of fossil fuels in transportation systems, 
manufacturing, electric power generation, and heating is a significant 
source of the release of toxic elements into the environment (Chaudhary 
et al., 1984). The Clean Air Act Amendments in 1977 required American 
industry to become more aware of the environmental consequences due to 
the technological advances. In the past, a significant amount of 
attention was placed on sulfur oxides (S0X), nitrogen oxides (NOJ , and
1
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particulates formed in the combustion process. However, due to recent 
efforts to minimize all pollutant emissions, trace element emissions 
must also be reduced. Table 1 gives the name and symbol of the trace 
elements released into the atmosphere during fossil fuel combustion.
Trace elements are emitted into the atmosphere from naturally 
existing sources including volcanic activity, wind erosion, sea salt 
spray, and forest and grass fires. Anthropogenic (human) activities 
such as mining, manufacturing, waste incineration, and energy production 
are also emission sources of trace elements (Clarke & Sloss, 1992; 
Swaine, 1990). Anthropogenic activities are estimated to be the primary 
source of atmospheric As, Cd, Cu, Pb, Hg, Ni, Sb, V, and Zn (Clarke & 
Sloss, 1992; Nriagu, 1990). However, Swaine (1990) has indicated that 
natural sources such as volcanic activity and forest fires emit more 
trace elements to the environment than does the burning of fossil fuels. 
Therefore, the origin of emission of trace elements into the environment 
is not completely understood.
The Clean Air Act Amendments of 1990 state that the emission of 
trace elements must be regulated because of the possibility of health 
hazards. The federal government has provided guidelines for the emission 
of some trace elements through the Resource Conservation and Recovery 
Act, but has left the responsibility of enforcement to individual 
states. Several states have developed their own air toxic policies or 
guidelines (Trueblood, Wedig, & Gendreau, 1990) and some states have 
added additional elements to those on the federal list.
Because of the Clean Air Act Amendments, research efforts are 
being directed towards determining the abundance and form of the toxic 
trace elements in fossil fuels such as coal. Determining the quantity 
and the form of trace elements in coals is a demanding task. Several 
analytical methods are currently being utilized to quantify trace 
elements in coal, coal ash, and combustion streams.
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Table 1
Elements and Their Symbols
Element Symbol Element Syi
Antimony* Sb Nickel* Ni
Arsenic* As Niobium Nb
Barium Ba Osmium Os
Beryllium* Be Palladium Pd
Bismuth Bi Phosphorus P
Boron B Platinum Pt
Bromine Br Polonium Po
Cadmium* Cd Praseodymium Pr
Cesium Cs Promethium Pm
Cerium Ce Radon* Rn
Chlorine* Cl Rhenium Re
Chromium* Cr Rhodium Rh
Cobalt* Co Rubidium Rb
Copper Cu Ruthenium Ru
Dysprosium Dy Samarium Sm
Fluorine F Scandium Sc
Erbium Er Selenium* Se
Europium Eu Silver Ag
Gadolinium Gd Strontium Sr
Gallium Gel Tantalum Ta
Germanium Ge Tellurium Te
Gold Au Terbium Tb
Hafnium Hf Thallium Tl
























*One of the 189 toxic air pollutants from the clean Air Act Amendments 
of 1990.
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) and 
atomic absorption spectroscopy (AAS) are the two most commonly used 
techniques. Other frequently used techniques are x-ray fluorescence, 
both wavelength and energy dispersive (WDXRF and EDXRF), neutron 
activation analysis (NAA), scanning electron microscopy (SEM), proton- 
induced x-ray emission (PIXE), and mass spectrometry (MS). The 
techniques currently being used to directly determine the form of the 
trace elements are electron probe x-ray microanalysis (EPXMA), proton- 
induced x-ray emission in a microbeam mode (micro-PIXE), synchrotron- 
induced x-ray fluorescence (SXRF), and secondary ion mass spectrometry 
(SIMS). Another indirect method of determining the mode or association 
of trace elements is a selective leaching technique known as chemical
fractionation.
5
In using any one of these methods to determine a concentration, 
the method of splitting the sample to provide a representative is very 
important, followed by good sample preparation techniques. Therefore, 
in using any of the analytical methods to determine trace element 
concentration, a determination of the total variance which is equal to 
the sum of the sampling variance, the sum of variances due to sampling 
and sample preparation, and the variance of the analytical technique (oT 
= ogling + Opr.p + oin3tru«.nt) needs to be made. Thus, both analytical 
chemistry and statistical evidence are needed to obtain meaningful and 
reproducible results for trace elements in coal. From the results 
obtained for the major, minor, and trace elements, the probable fate of 
trace elements during combustion and gasification processes can then be 
predicted.
Scope of Investigation
A necessary prerequisite for determining the emission of toxic 
trace elements from combustion and gasification of coal is the ability 
to determine the concentration and mode of occurrence of the various 
elements at all stages of these processes. The goal of the 
investigation is to develop an analytical protocol for determining the 
seven trace elements of prime environmental interest in coals and fly 
ash. These elements are As, Cr, Cd, Hg, Ni, Se, and Pb. The protocol 
developed will be based on the control charts developed and the 
statistical results obtained from different analytical techniques for 
determining the seven trace elements. The concentration of trace 
elements in coal will be determined by the following analytical 
techniques: wavelength dispersive x-ray fluorescence (WDXRF), energy
dispersive x-ray fluorescence (EDXRF), inductively coupled plasma atomic 
emission spectrometry (ICP-AES), atomic absorption spectroscopy (AAS) 
and/or instrumental neutron activation analysis (NAA). These techniques
6
Repeatability and reproducibility will be determined on the EDXRF 
and WDXRF for each element which are quantified by these analytical 
methods in coal and fly ash. With AA and ICP-AES, the repeatability and 
reproducibility will be determined for each element analyzed in coal 
using each digestive procedure. The digestion procedure is used to 
convert the carbon (C) matrix to carbon dioxide (C02) leaving the ash 
residue to be filtered after the digestion is complete. This process 
provided a liquid sample which can be injected into the instrument.
After the data is collected on the raw coal, a statistical 
comparison of the analytical techniques will be performed when possible. 
From a comparison of the techniques and information of the literature, a 
protocol for the best analytical technique to determine the 
concentration level for each of the individual trace elements in coal 
will be devised.
The results for most of the trace elements determined by the x-ray 
fluorescence (XRF) technique is expected to be different than those 
determined by the AA and ICP-AES methods due to the inherent differences 
in the techniques, with the major difference being the sample 
preparation. The sample preparation for XRF analysis is a simple, fast, 
and nondestructive procedure; whereas, for ICP-AES or AA, the sample 
must be digested using appropriate solution(s) and may require days for 
complete digestion before the sample can be analyzed. Inherent with the 
sample preparation is the sample collection/reduction which cannot be 
separately treated or addressed in this study.
The WDXRF is expected to produce better analytical results than 
the EDXRF for the elements that can be determined by both techniques,
are readily available but NAA was too expensive to be used on a routine
basis. Therefore, WDXRF, EDXRF, ICP-AES, and AAS will be primarily used
in this study for the determination of the trace element concentrations.
7
due to the high resolution of the WDXRF. Due to the higher resolution, 
the detection limit for the WDXRF should be lower than the EDXRF, which 
is extremely important when trying to determine trace element 
concentrations in coal. Pb should also be much easier to quantify using 
WDXRF than EDXRF due to the better spectral overlap resolution 
encountered between such elements as Pb and S. Therefore, it is 
anticipated that the WDXRF due to the resolution will provide a lower 
detection limit and better element concentrations than the EDXRF.
Cr, As, and Cd are anticipated to be best determined by graphite 
furnace atomic absorption spectroscopy (EAAS). EAA can reduce the 
background noise due to the coal matrix whereas the WDXRF cannot, thus 
EAAS can analyze for Cd, As, and Cd with greater accuracy than the 
WDXRF. This is especially important for Cd due to the low concentration 
in coal.
For several reasons Ni is the one element which is expected to be 
best determined in a solid sample by EDXRF than by WDXRF, AAS, or ICP- 
AES. First, the concentration of Ni in coal and fly ash is generally 
higher than the lower limit of quantification (LLQ) for the EDXRF.
Along with the higher concentration levels, the overlap problems between 
Ni and other elements with EDXRF are minimal. Also, Ni is easily and 
efficiently excited by the Fe secondary target, reducing the need for 
the higher resolution that can be achieved by WDXRF. The EDXRF 
typically does not encounter as many matrix problems with Ni as does AAS 
or ICP-AES.
Hydride generation atomic absorption spectroscopy (HG-AAS) is 
expected to be the best technique for Se determination. The literature 
indicates that HG-AAS and cold vapor atomic absorption spectroscopy (CV- 
AAS) are the most sensitive techniques for such elements as are 
amendable to these techniques. Se can be determined by HG-AA due to the 
ease of quantitative formation and transfer of hydride into the
8
absorption cell which determines the accuracy of the technique. The 
typical concentration of Se in coal is very low (parts per million or 
ppm) and therefore requires a sensitive instrument that can determine 
low concentrations.
The best technique for Hg will probably be cold vapor atomic 
absorption spectroscopy(CV-AAS) due to the low concentrations, which are 
usually in the low parts per million (ppm) or parts per billion (ppb). 
Usually neither of the XRF techniques or ICP-AES can detect Hg at these 
low concentrations.
Research Questions
The goal of this study was to provide a protocol for determining 
the concentration and mode of occurrence of the seven trace elements,
As, Cd, Cr, Ni Pb, Hg, and Se, in coal. The methods examined were 
EDXRF, WDXRF, EEAS, CV-AS, HG-AS, and NAA. To determine the 
concentrations or mode of occurrence of the elements, the following 
questions were be addressed:
1. Did the sample preparation technique affect the determination 
of the elements?
2. What were the repeatability and reproducibility of the 
instrument for the elements determined using coal and fly ash standards?
3. Which instrument or instruments can be used to determine the 
concentration of the trace elements in coal?
4. When was the whole process, both sample preparation and 
instrumentation, out of control?
5. For each element, which instrument was the best one to use to 
determine the concentration?
6. How did the overall results for the different techniques
compare?
9
7. If possible, can the mode of occurrence for the trace 
elements be determined by using chemical fractionation?
Limitations and Delimitations
Several analytical techniques are discussed more fully in Chapter 
Two that can be used to determine trace element concentrations in coal 
and fly ash. Many of these techniques were not available to this study 
due to analyses and equipment costs. The techniques which were readily 
available to this study were EDXRF, WDXRF, ICP-AES, CV-AAS, EEAS, and 
HG-AAS. Some chemical fractionation samples were sent to another lab 
for NNA analysis to provide a comparison with the results from the 
techniques used in the study.
The three major limitations of the study involved the inherent 
differences in physical properties measured by the instrumentation and 
the sample preparation along with the amount of a sample required. To 
analyze a sample by XRF and AAS techniques, there must be at least 5 
grams (g) of sample. Usually this was not a problem for the coal, but 
was a major limiting factor for the fly ash sample for which there were 
often less than 1.5 g available. Since the XRF methods had a different 
sample preparation technique than the AAS methods, differences due to 
the sample preparation needed to be studied along with the differences 
due to instrumentation. Thus, when developing the protocol for 
determining the levels of trace elements in the various samples, one 
must be aware of the information desired, the amount of sample 




Over the last decades great technical strides have been made which 
often provide many conveniences, such as electricity and mechanized 
transport, to humankind. Since these strides have increased the 
standard of living, the demand for such conveniences has greatly 
increased with a growing population. As the demand increases, the 
potential for the release of adverse elements into the environment also 
increases. The technical advances have also increased humanity's 
awareness of some positive and adverse effects of trace elements on the 
environment. From the global picture, the major source of trace element 
release is by natural processes such as volcanic eruptions, forest 
fires, weathering of rocks, and leaching, with anthropologic sources 
providing only a minor portion of the trace elements released. Of the 
anthropogenic sources, the combustion of coal provides only a very small 
portion of the trace elements released to the environment, but can 
elevate certain trace elements in the area surrounding the coal-burning 
plant to possible levels that may have adverse environmental effects.
Therefore, as the consumption of coal increases worldwide due to 
energy demands, the potential increases for the release of tons of 
potentially hazardous trace elements into the environment (e.g., 
atmospheric emissions, fly ash, and ash leaching) (Norton, Markuszewski, 
& Buttermore, 1991). The possible environmental and health effect(s) of 
the hazardous trace elements are determined in a large part by the
10
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chemical and physical forms of the elements. The health effects of 
these trace elements are not the focus of this study, but are included 
to help provide a rational for the importance of the behavior of these 
trace elements. The analytical techniques used to determine the 
concentrations of the trace elements relevant to coal and coal 
combustion/gasification processes are discussed later.
Environmental and Health Effects
Mobilization of trace elements in the environment is very complex 
and dependent on several factors. The valence state and chemical form 
of the trace element are important in determining the reactivity of the 
element and the type of compounds formed. Thus, some types of compounds 
or ions formed will be soluble in water providing a greater chance for 
the trace element to enter the food chain. Temperature and pH also 
affect the trace element reactions, and therefore, the mobilization of 
the trace elements into the environment. Whether the trace element is 
organically or inorganically associated also affects the mobilization of 
the trace elements. The size of the particle containing the trace 
elements becomes important, since particles less than 2 micrometers (pm) 
typically have a greater chance of affecting living organisms. For 
animals and humans, particles that are less than 2 pm in diameter are 
readily deposited in the respiratory and digestive tract. High 
volatility of the trace elements or their compounds also increases the 
mobilization of the element into the environment. This is important in 
such activities as volcanic eruptions, forest fires, and coal combustion 
since the trace elements that are readily volatilized can be easily 
spread. Once in the atmosphere, the spread of the trace elements is 
dependent on the weather conditions such as temperature, wind speed, and 
precipitation.
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An immediate effect on the environment may occur from the emission 
of some trace elements. However, when looking at the effects of the 
trace elements, one must remember that trace elements can typically be 
found at some natural level in the environment, and that any element or 
compound given in a large enough dose can be toxic. Thus, concentration 
level and form of the trace element are important when determining the 
effects to the environment and humans. The mode of mobilization in the 
environment by the activities of humans then becomes of interest. 
According to Piver (1983), intentional and unintentional are the two 
modes of industry for the emission of trace elements into the 
environment. The intentional activities included aerial and non-aerial 
pesticide applications, and the unintentional activities include coal 
combustion, smelting of metals, or use of detergents. In coal 
combustion, as the technology and awareness increased, a reduction of 
airborne emissions for some substances was seen while others that had 
not been previously studied, came under scrutiny. A study of the 
partitioning of trace elements from a bituminous coal was completed by 
Klein et al. (1975). The results for the seven trace elements are shown 
in Table 2. Hg, the most volatile of the seven, had a decrease in 
concentration in the solid residue from the coal indicating that Hg was 
emitted out the stack with the combustion gases and fine particulates. 
The other elements showed an increase in concentration in the solid 
residue from the initial concentrations in the coal being burnt 
indicating a low emission of these elements. However, in reduction of 
emissions from a coal combustor, there is an increase of these trace 
elements in the solid residue (bottom ash, fly ash, and slag), 
increasing the need for a complete understanding of the effects of the 
various trace element forms on the total environment.
Agency for Toxic Substances and Disease Registry [ATSDR] (1993) 
has provided a list of the top 20 hazardous substances of which the top
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three are Pb, As, and metallic Hg, respectively, and Cr(VI) as 19th. 
The environmental and health effects of these four trace elements, 
along with Se, Cd, and Ni are discussed further in the following 
sections.
Table 2
Partitioning of Seven Trace Elements in a 290 MW cvclone-Fired Power 
Plant Burning Bituminous Coal
Elemental Concentrations (ppm)
Element Coal Slag Inlet Fly Ash Outlet Fly 
Ash
As 4.45 18 110 440
Cd 0.47 1.1 8.0 51
Cr 18 152 300 900
Hg 0.122 nd 0.028 0.050
Ni 16 85 207 nd
Pb 4.9 6.2 80 650
Se 2.2 0.080 25 88
nd - not determined
Arsenic
The modes of As intake by humans can be through water, soil, and 
air. Arsenic is a group V element that is present in soil, rocks, 
water, plants, and animals in low concentrations. The typical range of 
concentration of As in the earth's crust is 2 to 5 ppm with an 
exceptionally high concentration usually occurring in or above sulfide 
deposits. Some sedimentary rocks (clays, shales, phosphates, sedimentary 
iron, and manganese oxides) have a slightly higher concentration.
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Mobilization of As in the soil is dependent on the speciation or 
oxidation state of As, the soil type, and the pH. The absorption of As 
in different soils, especially clays, depends on the Fe and A1 
concentrations (Woolson, 1983). Arsenicals which are arsenate, 
arsenite, methanearsonate, and cacodylate can form insoluble complexes 
in soil that react subsequently with hydrous oxides coating clay or with 
various cations found in a soil solution. The interconversion of 
arsenite/arsenate in soils by oxidation/reduction is very important in 
terms of phototoxicity to plants because arsenite is approximately 10 
times more toxic than arsenate. Therefore, As may need to be removed 
from soil by such methods as microbial reduction, leaching, and 
volatilization and to a lesser extent by plant harvesting (Dickerson, 
1980). Even if the soil has a high As concentration, As does not 
typically enter the food chain through plants since plants show very 
slow growth in As-rich soils and As has to compete with P for uptake by 
the root. However, root crops (e.g., beets, potatoes, turnips, and 
carrots) can accumulate As in higher concentrations in the skin than in 
the flesh of the plant. The best way for As to enter humans through 
plants is by the foliar uptake of As after spray application (Woolson, 
1983). One example is smokers who used tobacco sprayed with 
insecticide, herbicide, or fungicide compounds containing As having an 
increased body burden of As (Dickerson, 1980; Vahter, 1983). In the 
gastrointestinal tract of humans, the As which is ingested from within 
plant tissues is usually not absorbed, thus easily excreted (Dickerson, 
1980, Piver, 1983). Therefore, plants are typically not an important 
mode for As accumulation in humans.
Normal concentrations of As in seawater is around 3 to 5 parts per 
billion (ppb). Higher concentrations are found in the sediments because 
the majority of As precipitates or is absorbed on marine clays, 
phosphates, and hydrous oxides (Dickerson, 1980). The marine organisms
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that can accumulate high levels of organic As are cod, clams, lobsters, 
oysters, and shrimp. The As level in freshwater is usually lower than 
seawater, thus, freshwater organisms do not typically accumulate As.
As intake via water by humans is also normally not significant due to 
the form and low concentration of As.
The level of As found in the atmosphere varies due to emissions in 
the area but is typically in the ppb increasing to the ppm level in 
industrial or urban areas (Dickerson, 1980). The As which is airborne 
is found mostly in the fine particulates. Respiratory deposition or 
absorption of As by humans and animals depends on the size of the 
inhaled particles and the chemical form of As. The larger particulates 
are removed by the ciliary action in the upper respiratory tract and are 
moved to the gastrointestinal tract when food or water is swallowed. 
Smaller respiratory particulates, less than 7 pm in diameter, are taken 
into the pulmonary region of the respiratory tract along with the air. 
The respirable airborne fly ash particles from coal-fired utilities that 
contain the trace elements such as As are primarily associated with the 
submicron to 5 pm particles.
Arsenic in the form of arsenic trichloride can be easily and 
rapidly absorbed by the human skin resulting in an increase in the level 
of As in the urine (Vahter, 1983). Thus, the three modes of entry into 
humans are the gastrointestinal tract, the respiratory system, and the 
skin via water, soil, food, and air.
The clinical effects of As on humans vary according to the 
chemical species and type of As, the time-dose relationship, and the 
general health of the person(s). A prolonged high level of inorganic As 
in food or water (60 ppm) can be fatal in humans (Arsenic-ATSDR, 1993). 
Absorption of inorganic arsenic by the gastrointestinal tract is 
dependent mainly on the solubility of the arsenic compounds (Vahter, 
1983) with aqueous solutions of arsenic trioxide being more toxic than
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undissolved arsenic trioxide. The absorption of undissolved arsenic 
compounds is size dependent; the smaller compounds ingested are 
generally more toxic than the larger.
The organic As compounds are typically less toxic than the 
inorganic forms (Arsenic-ATSDR, 1993) and the speed at which the body 
excretes the As compounds vary. Organic As compounds, which are often 
ingested by eating marine fish, are rapidly absorbed in the 
gastrointestinal tract and less than 5% are expelled in the feces of 
humans within the first week (Vahter, 1983). However, humans who 
ingested organic As from poultry and swine were able to eliminate about 
75% of the As in feces within a week (Vahter, 1983) indicating foods 
varied in the amount of the As body burden.
The As absorbed by the gastrointestinal or respiratory tract 
enters into the blood and is transported to other organs in the body. 
Greater than 90% of the blood As is eliminated within 1 to 2 hours 
(Vahter, 1983), with the remainder being cleared at a much lower rate. 
The organs that show the highest concentrations of As are the liver, 
kidney, intestinal mucosa, and spleen. However, the blood can transport 
As to the skeletal system due to the similar chemical properties of 
arsenate and phosphate.
Symptoms from a toxic dose of As can appear as quickly as 8 
minutes if the As is in solution or as long as 10 hours if the As is in 
a solid form. Some symptoms of As poisoning are abdominal pains, 
vomiting, diarrhea, dry throat, weakness, tingling of extremities, 
jaundice, erythema of the skin, loose hair, skin rashes, loose nails, 
loose skin, decreased production of red and white blood cells, abnormal 
heart rhythm, and blood vessel damage. As has been known to enlarge the 
liver. Long term exposure to inorganic As compounds may cause the skin 
to darken and develop small "warts” on the palm, soles, and torso 
(Arsenic-ATSDR, 1993). Other studies have suggested that As compounds
17
may induce chromosomal breakage, skin cancer, liver cancer, and 
respiratory cancer in humans.
Cadmium
Cd and Zn are members of group lib having a valence of +2. Cadmium 
and Zn are always found together in nature with Zn typically being 
present in much greater quantities than Cd, about a 200 to 1 ratio. 
Therefore, any differences or similarities of their properties can be 
significant in determining their fates in the environment and their 
effects on humans. Due to the close relationship of Cd and Zn, Cd can 
react with various animal and human proteins and enzymes that require 
Zn.
The environmental concentration of Cd is usually very low. The 
level of Cd averages about 0.2 in the earth's crust, about 0.2 ppm in 
igneous rocks, about 0.5 ppm in coal, about 0.0001 ppm in seawater, and 
less than 0.01 ppm in freshwater (Fassett, 1980). The Cd that is found 
in the atmosphere is assumed to be non-volatile and in the particulate 
phase as oxides, sulfides, sulfates, chlorides, and other complex ions 
or compounds. The lower boiling point and higher vapor pressure Of Cd at 
a given temperature than Zn may result in greater loss of Cd to the 
atmosphere when substances containing Cd and Zn are heated. Cd, like 
other trace elements, condense on the surface of the smaller 
particulates due to the higher surface area to mass ratio for the small 
particles. The mass median diameters (MMD) of the particles containing 
Cd from specific sources, such as coal combustion were found to be 2.0 
pm and that the metal content of the particles may increase with 
decreasing particle size (Lee, Foransom, Enrione, & Morgan, 1972) .
The possible effects on humans of atmospheric Cd are not so much 
from the direct inhalation by humans but the contribution of Cd to the 
soil, water, and plants which affects the food chain. Plants grown in
18
an environment contaminated with Cd in the air, water, or soil showed an 
increase amount of Cd in the tissues. The ability of plants to take up 
Cd is very similar to a plant's ability to take up Zn, thus Cd is more 
easily transported into the plant through the roots than through the 
stems or leaves. The ability of plants to concentrate Cd in their 
tissues is very important since the largest portion of the human's daily 
intake of Cd comes from eating foods derived from plants (Fassett,
1980). It is estimated that about 41% of the Cd comes from grains, 
cereals, and potatoes, 8.5% from vegetables, and 21.7% from fruits.
Another source of Cd for humans is from eating seafood, primarily 
shellfish and tuna fish. However, due to the low consumption of seafood 
for many people, seafood is not considered a major source of Cd for 
humans. Also, animals tend to show the greatest amount of Cd in the 
liver, kidney, and digestive glands which are not eaten, and with very 
little in the muscle tissue which is eaten by humans (Cadmium-ATSDR, 
1989; Fassett, 1980).
The intake of Cd from the air depends on the respiratory volume, 
the air concentration of Cd, and if the person is a smoker or nonsmoker. 
Some investigations have shown that people who smoke have a higher body 
burden of Cd than nonsmokers because the cigarettes contain about 1.4 
pg/cigarette of which 0.1 to 0.13 pg may be inhaled (Fassett, 1980). 
Children more often show an increase in the Cd levels due to breathing 
Cd from the atmosphere since children tend to have a greater respiratory 
volume than adults in proportion to their body weight.
Of the Cd ingested by humans by the gastrointestinal tract, there 
was substantial evidence that only about 1-5% was absorbed by the blood 
(Cadmium-ATSDR, 1989) with most of Cd excreted in the fecal matter 
rather than the urine. However, the Cd entering the body through the 
respiratory tract has about a 30-50% change of being absorbed (Cadmium- 
ATSDR, 1989) by the blood. Thus, the respiratory tract was a more
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efficient way for Cd to enter the body than the gastrointestinal tract. 
Once Cd in absorbed into the body, there was a very strong chance of 
retention. Hence, Cd can easily accumulate causing significant body 
burden levels. Of the Cd retained, about 50-70% is deposited in the 
liver and kidney and very little is deposited in the bones, muscles, or 
central nervous system. Although the blood contains Cd, there is with 
very little placental transfer. Thus, a new born baby has virtually no 
Cd.
For humans, there are no known beneficial effects for Cd but there 
are several adverse effects. The ingestion of Cd by humans results in 
symptoms of prompt nausea and vomiting. There have been very few 
fatalities of oral ingestion of Cd. The oral lethal dosage for Cd in 
humans is not known, but is estimated to be several hundred milligrams 
(mg) (Fassett, 1983). Generally, Cd compounds (e.g., cadmium chloride) 
which are readily dissolved in water, or those that dissolve in the body 
(e.g., cadmium oxide) are more toxic than the insoluble Cd compounds 
(e.g., cadmium sulfide) (Cadmium-ATSDR, 1989). Humans exposed to 
cadmium oxide fumes develop acute pneumonitis and some fatalities have 
resulted. If humans are exposed to Cd for long periods, the functions 
of the kidney (kidney stones are formed) and lungs are affected. Some 
pulmonary changes seen are emphysematous and changes in ventilatory 
function. Some cases of chronic bronchitis were seen with the highest 
and longest exposure to Cd. Proteinuria was reported in some cases of 
workers exposed to Cd in a battery factory. These workers showed signs 
of pseudo fractures in the scapulae, pelvis, femur and tibia, and signs 
of bone decalcification. In the later stages, functional changes in the 
kidney were observed causing an increase protein excretion in the urine. 
Thus, ingestion of Cd can cause nausea and vomiting, while inhalation of 
Cd fumes causes pulmonary oedema, renal effects, and death (Fassett,
1983).
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The amounts of Cd in the blood, urine, or hair are the indicators 
used to determine the level of Cd exposure (Fassett, 1983). The blood 
is a good indicator for recent exposures to Cd, while the urine 
indicates a total Cd content in the body. The hair is the most 
unreliable measure of Cd because Cd can bind to the outside of the hair 
providing false levels.
Chromiwn
The element Cr can exist in three major states: (a) trivalent or 
chromic state [Cr3* or Cr(III)] is the most stable state and associated 
with particulate matter in water; (b) the hexavalent state [Cr6*or 
Cr(VI)] forms chromates that, due to the strong oxidizing properties, 
are used in corrosion-preventing paints; and (c) elemental [Cr° or 
Cr(0)]. Another form, the divalent state [Cr2* or Cr(II) ], is 
relatively unstable and rapidly oxidizes to the chromic state, and 
therefore, is rarely found in nature. The Cr3* ions have a strong 
affinity for negatively charged ions in aqueous solutions which tend to 
form very stable complexes. Since Cr(III) is associated with 
particulate matter in water, the chromic form of Cr is prone to 
sedimentation. The Cr(VI) form tends to remain as anions (CrO,2" or 
Cr2072') in aqueous solutions.
The main pathway for Cr to enter the body is from a dietary 
intake. The two other sources, inhalation of air and drinking water, 
are relatively small in comparison to the intake of food. The two 
largest emission sources of Cr into the atmosphere are the chemical 
manufacturing industry and the combustion of natural gas, oil, and coal. 
People who have the highest exposure to Cr are those who work in Cr 
industries and who smoke cigarettes (Chromium-ATSDR, 1993).
Cr found in soils is typically in the trivalent state. Trivalent 
Cr is not readily transported from the roots into the plant; therefore,
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Cr entering the food chain via plants is unlikely. Since trivalent and 
hexavalent Cr is found in water, fish can accumulate Cr. The Cr 
deposits in the skin, bones, liver, and kidneys of fish, which are 
portions of the fish usually not eaten by humans (Mertz & Roginski, 
1971). According to Langard (1980), the average intake of Cr by humans 
is about 0.03-0.14 mg a day, and the major sources for Cr are meat, 
white fish, vegetables, unrefined sugar, and vegetable oils.
Mertz & Roginski, (1971) first demonstrated that Cr(III) is an 
essential micronutrient for humans. However, Cr in high enough levels 
can be toxic to humans, with Cr(VI) being more toxic than Cr(III).
There is a large difference in the essential level and the toxic level 
of Cr. The daily ingestion of 0.0007-0.003 milligrams (mg) of Cr per 
kilogram of body weight per day (Chromium-ATSDR, 1989) is considered 
adequate for humans. As a micronutrient in humans, Cr is essential to 
maintain normal glucose tolerance (Mertz & Roginski, 1971) and therefore 
may enhance the insulin-stimulated assimilation of glucose (Mertz & 
Roginski, 1971). Cr is also essential for helping maintain a normal 
metabolism of cholesterol and fat in humans. A Cr deficiency causes 
weight loss and the impairment of the body's ability to remove glucose 
from the blood. Mertz & Roginski, (1971) found that the highest levels 
of Cr in humans are found at birth indicating passage of Cr across the 
placenta in the blood. Mertz & Roginski, (1971) also found that the 
levels of Cr decreased with increasing age, which was due to the higher 
rate of loss through the urine.
The chromic salts (Cr3*) have no known toxic effects on humans, 
but the hexavalent (Cr6*) compounds cause toxic effects mainly targeting 
the kidneys, liver, and blood-forming organs (Langard, 1980). Moderate 
chromate poisoning can result from ingestion and can cause upset 
stomachs and ulcers. With a large dose, convulsions and death occur 
within days of ingestion. If acute chromate poisoning occurs, the
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patient may die very quickly due to blood loss from the gastrointestinal 
tract and other sites. The treatment for chromate poisoning is to 
administer a large dose of ascorbic acid orally (Mertz 4 Roginski,
1971). The ascorbic acid reduces Cr from the hexavalent state to the 
trivalent state, which is much less toxic.
Some effects from skin exposure to Cr are acute irritative 
dermatitis, allergic eczematous dermatitis, and skin ulcerations. Once 
the skin is sensitized by hexavalent Cr, the trivalent Cr has a greater 
potential to cause harmful effects (Mertz 4 Roginski, 1971). When Cr 
(III or VI) is inhaled, the bronchi-pulmonary effect is bronchial asthma 
that is treated in the same manner as other asthmatic attacks.
Inhalation of Cr(VI) can irritate and/or damage the nose, lungs, 
stomach, and intestines. The most serious effect of exposure to Cr 
compounds is the increased risk of cancer in the respiratory tract, and 
dichromates when inhaled are considered carcinogens.
Indications of Cr exposure can be found by measuring the hair, 
urine, red blood cells, and whole blood Cr levels (Langard, 1980).
These levels are not the exact levels of the total Cr body burden but 
can be used as good indicators of exposure and help predict the possible 
effects due to Cr.
Lead
Natural mobilization of Pb is principally through erosion of Pb- 
containing rocks and volcanic eruptions with transported and 
distribution mainly through the atmosphere. Since Pb has always been a 
natural constituent of the environment, humans have always been exposed 
to some form of Pb (Lead-ASTDR, 1990). Anthropogenic activities have 
increased the Pb concentrations in the atmosphere for hundreds of years 
(Waldron, 1980). Over the years, as more information has become 
available on Pb effects in the environment, there has been a conscious
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effect to reduce the emission of Pb. One example is the reduction of Pb 
in gasoline. It was estimated that since the 1920s about 90% of the Pb 
in the atmosphere came from leaded gasoline. Currently, less than 35% 
of the Pb emitted into the atmosphere comes from automobiles burning 
gasoline. The combustion of coal and oil also releases a small portion 
of Pb to the atmosphere, usually in fine particulates that escape the 
stack. The particulates containing Pb present in the atmosphere have a 
mean diameter between 0.25 v™ and 0.69 pm (Waldron, 1980), and rarely 
are these spherical particles. Once the Pb is in the atmosphere the 
residence time varies due to several factors (e.g., wind, precipitation, 
and particle size). Pb often attaches to dust particles in the air.
When Pb is removed from the air, either the soil or water Pb levels are 
increased, with most settling on the soil. Once soil is contaminated 
with Pb, it may take years to remove it. However, if there are heavy 
rains, the Pb from the soil can readily be leached into water sources. 
Another source of atmospheric Pb is from cigarette smoke for people who 
smoke and also those who do not.
The transfer of Pb from the air to plants may occur in one of two 
ways. The direct method is deposition of the Pb particulates on the 
leaves, and this Pb does not appear to be transported to other locations 
in the plant (Waldron, 1980). The indirect method is through the soil, 
with Pb being typically only absorbed by the root at times of active 
growth (Waldron, 1980). However, there are several barriers which 
obstruct the mobilization of the Pb in the soil into plants, and 
therefore into animals and humans. Some of these barriers are: (a) the
interaction of Pb with inorganic species (e.g., phosphates) and organic 
species (e.g., humates), (b) the binding of Pb in the root hair cell 
walls, and (c) the accumulation of Pb in the xylen of plants (Bryce- 
Smith & Stephens, 1983). Hence, the flowering portion and new 
vegetation are protected from concentrating Pb. The Pb levels for
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plants are approximately the same as those for animals, suggesting 
animals do not concentrate Pb from eating plants (Waldron, 1980). If 
animals do ingest Pb, the absorption of Pb by the alimentary tract of 
mature animals is dependent upon the Pb species. Also, in animals, Pb 
is often deposited in the bones, reducing the transfer of Pb from 
animals to humans.
Due to the amount of Pb in the atmosphere, most samples that are 
analyzed for Pb content are probably contaminated by fallout of airborne 
Pb providing false high readings for relatively uncontaminated samples, 
but having little effect on samples with a high Pb concentration. Thus, 
caution is needed in determining the amount of Pb entering the human 
body, but not the mode of entry. The major entry mode of Pb into the 
human body is from anthropogenic sources. Humans are primarily exposed 
to Pb from breathing the air, drinking the water, and eating foods 
containing Pb or putting dirty objects in their mouths. The 
gastrointestinal and respiratory tract are the two pathways for 
inorganic Pb to be absorbed into the body, while organic Pb can be 
easily absorbed through the skin. The best indicator of the Pb 
concentration in humans is the blood Pb concentration with the majority 
of the blood Pb being absorbed by the gastrointestinal tract. The 
absorption of Pb by the gastrointestinal tract varies greatly from one 
individual to another, and is dependent on the other components of the 
diet, especially Ca and Fe. Gastrointestinal Pb absorption is also 
enhanced by a phosphate deficiency, protein deficiency, excess fat 
(Waldron, 1980), or fasting (Bryce-Smith & Stephens, 1983). In a study 
(Waldron, 1980), the rate of absorption of Pb by the gastrointestinal 
tract was inversely related to the age, with fetuses able to absorb the 
highest amount of Pb ingested. Therefore, children can accumulate Pb 
easier than adults. In young children, the ingestion of dirt from 
putting dirty or dusty toys or other objects in their mouths is an
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important mode for children's increased Pb body burdens. Children may 
also get Pb poisoning by eating the older Pb-based paint. Another 
source of Pb in the human body may be through Pb pipes, Pb solders, and 
Pb glazed pottery.
The rate of absorption of Pb in the lungs was found to be related 
to the size and chemical composition of the Pb particle, the rate of 
clearance by pulmonary macrophages, and the rate of deposition which is 
related to the respiration volume (Waldron, 1980). Larger particles are 
deposited in the upper respiratory tracts and are transported to the 
intestinal tract, while the smaller particles are transported to the 
lungs. Of the Pb particles reaching the lungs, approximately 40% are 
absorbed into the blood and primarily bind to the red cells. From the 
blood, the Pb may be transported to the bone, soft tissue, hair, and 
nails, or excreted in the sweat or urine. Once Pb is in the bone, it 
tends to remain and accumulate. Thus, as a person ages, an increase is 
seen in the Pb levels.
As stated earlier, the absorption of inorganic Pb is effected by 
the amount of Ca in the diet because the metabolism of Pb and Ca are 
closely related (Waldron, 1980). In the gastrointestinal tract, the 
absorption of the Pb is inversely related to the amount of Ca in the 
diet. In bones, when there are low Ca levels, the Pb can displace Ca in 
the hydroxyapatite crystal which increases the Pb concentration in the 
bone. Low dietary levels of Ca also increases the Pb concentrations in 
the soft tissue of the kidney. Maintaining the proper homeostatic 
mechanisms which regulate the plasma Ca level is essential to enhance 
the reduction of Pb levels in humans. This process is regulated by 
Vitamin D. Another site of Ca and Pb interaction is the nerve synapse. 
If Pb replaces Ca at the binding sites, some subclinical neurological 
changes can occur. The other element in the diet that affects the
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amount of Pb absorbed is Fe. A Fe deficiency tends to increase the 
absorption of Pb by the gastrointestinal tract.
Organic Pb (alkyl lead compounds) is distributed in different 
organs of the body than the inorganic Pb (Bryce-Smith & Stephens, 1983). 
Organic Pb is concentrated in the lipid-rich tissues such as the brain 
and liver. The inorganic Pb compounds are more easily transported 
across the placenta than are the organic compounds.
There are no known useful or essential biochemical functions for 
Pb in humans. The principal toxic effect due to Pb is directed at the 
blood, nervous system, and the kidney. In the blood, a form of Pb 
anemia due to Pb poisoning results in defective haem synthesis and 
inhibits the synthesis of globin. Another form of Pb anemia shortens 
the life-span of the red cell by altering the transportation gradient by 
which Na and K pass through the cell. Pb anemia is not fatal, unless 
the person is also suffering from a Fe deficiency (Waldron, 1980).
The effects of Pb on the nervous system are segmental 
demyelination, axonal degeneration, and interference with central 
neurotransmitter metabolism. Lesions called cerebral oedema are the 
result of Pb encephalopathy. The two major effects of Pb on the 
kidneys are tubular damage and chronic interstitial nephropathy 
(Waldron, 1980). The tubular damage to the kidney is more frequently 
seen in children with Pb poisoning, while the chronic interstitial 
nephropathy formerly was commonly seen in industrial workers, but is 
seldom diagnosed today.
Adults with inorganic Pb poisoning have symptoms of colic, nausea, 
and vomiting (Waldron, 1980). In children the condition is called 
encephalopathy with symptoms being irritability, hallucinations, 
headaches, restlessness, loss of memory, and the inability to 
concentrate. This condition may progress to delirium, mania, 
convulsions, paralysis, and coma possibly leading to death. Organic Pb
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poisoning, which is often fatal, is a toxic psychosis with the most 
common symptoms being insomnia, delirium, hallucinations, and tremor.
Mercury
The chemical reactivity of Hg allows it to combine with a wide 
variety of elements, compounds, and radical groups. The unique physical 
and chemical characteristics of Hg set it apart from the other group IIB 
metals, Zn and Cd. There are two oxidation states of Hg, mercurous 
(Hg1*) and mercuric (Hg2*) . When determining the toxic effects of Hg, 
the mercurials are divided into four categories: (a) elemental Hg vapor, 
(b) mercurous and mercuric salts, and © two groups of organometallic 
compounds where Hg is covalently bonded to C atoms. The first group of 
organometallic compounds contains stable C-Hg bonds and the second group 
contains C-Hg bonds that can be rapidly split following absorption.
Hg is found naturally in rocks, soil, water, and the atmosphere, 
typically in low concentrations. The natural concentration of Hg does 
increase in areas where there are deposits of cinnabar ore (HgS). In 
general, the emissions of Hg from anthropogenic sources are typically 
less than the emissions from natural sources (Kazantizis, 1980) .
However, due to toxicity of Hg, control of anthropogenic emissions is 
very important for the overall reduction of Hg levels. One 
anthropogenic source of Hg that has become a concern is coal combustion. 
The major pathway of the emission of Hg from coal combustion is 
atmospheric release which can contaminate all aspects of the 
environment.
For living organisms, the form and the route of absorption of Hg 
are important in determining how efficiently Hg is absorbed. Methyl 
mercury is easily absorbed by all living organisms because of its 
affinity for sulphydryl groups. The sulphydryl groups allow the Hg to 
bind to the protein of a living organism. Once the Hg is protein-bound,
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very little Hg is excreted by the organism, increasing the Hg body 
burden. Low levels of Hg are found in food which is often in the form 
of methyl mercury. Food is the major source of Hg for the general 
population with the highest Hg levels found in fish. Even low levels of 
Hg in water allows fish to accumulate Hg typically in the form of methyl 
mercury. For the most part, the major portion of the world's commercial 
fish catch has a low enough Hg concentration that most fish do not pose 
a problem for humans. However, some predatory species (e.g., tuna, 
swordfish, and pike) have high levels of organic Hg. Thus, in waters 
polluted by industrial or mining processes, different species of fish 
tend to concentrate Hg better than other species (Kazantizis, 1980) .
The amount and type of fish consumed is the primary factor in 
determining the daily intake of methyl mercury. The other two minor 
sources of Hg for the general population are air and water, with the 
inhalation of Hg being a major contribution to increased Hg body burden 
for people in specific occupations and areas.
The toxic effects of Hg and its compounds depend on the chemical 
and physical properties (e.g., size) of each and the method of intake 
(Kazantizis, 1980) . Since elemental Hg vapor is non-polar and lipid 
soluble, and if inhaled, it can be rapidly diffused through the 
alveolar membrane allowing the Hg vapor to dissolve in the blood plasma. 
Once in the plasma, the Hg can be oxidized in the red blood cell and 
transported to other tissues and organs.
In the gastrointestinal tract, elemental Hg is poorly absorbed, 
while the mercuric salts are absorbed at a 10-15% higher rate. However, 
mercuric chloride shows a higher absorption rate by the gastrointestinal 
tract, which is probably due to the corrosive action on the intestinal 
wall. Mercurous chloride, on the other hand, has a very low to 
nonexistent rate of absorption. The organic forms of Hg such as methyl 
mercury are very readily absorbed by the gastrointestinal tract with
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about 95% of the ingested methyl mercury being absorbed by the 
gastrointestinal tract (Kazantizis, 1980). The organic Hg from fish and 
grain sources can cause the greatest harm to the brain and the 
developing fetus with lesser injury to the kidneys (Mercury-ATSDR,
1990).
The skin absorbs both elemental Hg vapor and mercuric salts, but 
skin absorption of Hg is not considered a very important avenue for 
increased Hg body burden. Another route for intake of Hg in humans is 
through the placenta to the unborn child. Elemental Hg vapor and methyl 
mercury compounds can cross the placenta and increase the Hg levels in 
the fetus. An infant can also ingest methyl mercury from breast milk.
Once absorbed into the body, the organs that accumulate the major 
portion of the elemental Hg and mercuric salts are the kidneys 
(Kazantizis, 1980). The Hg found in the kidneys is selectively 
accumulated in the renal tubular epithelium cells. The brain tissue 
will also accumulate some elemental Hg. The best indicator to elemental 
Hg vapor exposure is the Hg levels found in the blood and urine. The 
methyl mercury is distributed between the blood and hair; hence, Hg 
levels in the blood and hair are the best indicators of the absorption 
of methyl mercury.
The clinical effects of Hg intake are dependent on the type of Hg 
absorbed, the route of absorption, and the duration of exposure 
(Kazantizis, 1980). When a high dose of elemental Hg vapor is inhaled, 
the respiratory and nervous systems are affected. A short exposure to a 
high dose of Hg vapor, which is rare, can result in acute mercurial 
pneumonitis with symptoms of coughing, bronchial irritation, chest pain, 
and rapid respiration. The more commonplace scenario is a long-term 
exposure at a low dosage of Hg vapor which leads to classical 
mercurialism. The early symptoms of mercurialism are anorexia, 
insomnia, abnormal sweating, and abnormal nervous state. In the later
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stages of mercurialism, the affected person develops gingivitis, 
salivation, tremors, and erethism. Erethism is a mental disturbance 
which is peculiar to mercurialism in which the person is abnormally shy 
with blushing, indecision, weeping, and over sensitivity to criticism. 
With longer exposures, depression with suicidal tendencies and delirium 
may occur.
Ingestion of soluble mercuric salts, such as mercuric chloride, 
initially produces upper abdominal pain and vomiting (Kazantizis, 1980). 
If a sufficient amount of mercuric salts are ingested, severe diarrhea 
with a loss of blood and necrotic epithelium can occur which can lead to 
circulatory collapse and death. The less severe cases of inorganic Hg 
ingestion show paraesthesia with tingling and numbness of the hands, 
feet, and chest. The more severe cases are characterized by disturbance 
of gait and constriction of the visual fields, with the possibly of 
complete blindness.
Cases involving the poisoning by the short-chain aliphatic organic 
Hg compounds develop symptoms similar to methyl mercury poisoning 
(Kazantizis, 1980). Cases of ethyl mercury poisoning show more 
gastrointestinal symptoms with renal, cardiac, and skin lesions. The 
cardiac symptoms are abnormalities in the heart rate and rhythm, 
hypertension, and pericardial effusions.
When phenyl and alkoxy alkyl mercuric compounds (organic Hg 
compounds) are absorbed into the body, they are often converted to 
inorganic mercuric compounds (Kazantizis, 1980). Due to the conversion, 
these Hg compounds are concentrated in the kidneys. Some symptoms 
associated with absorption of these compounds are anorexia, diarrhea, 
fatigue, weight loss, skin rashes, and in a few cases proteinuria.
The main removal modes of Hg from the body are through the urine 
and feces. However, once Hg enters the body, it may be months before 
the Hg is removed.
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Nickel
Ni is ubiquitous in the environment, twenty-fourth in order of 
elemental abundance (Sevin, 1980), and most commonly in a valence state 
of +2. The concentration of Ni in soil, air, and water is very 
variable. Ni is naturally found in soil and water. It is highly 
unlikely that the Ni in the atmosphere is natural; therefore, the Ni 
present in the air is due to anthropologic activities and is generally 
higher near highly populated and industrial areas. The primary sources 
of atmospheric Ni are coal and oil combustion and automobile exhaust 
emissions, with the Ni usually attached to the small particles in the 
air. However, more adverse effects will be caused by natural sources 
than from anthropogenic sources.
The major sources of intake of Ni by humans are directly from 
water and indirectly from plants and animals (Sevin, 1980). Another 
source of Ni in the general population is from cigarette smoke. If Ni 
is inhaled, the Ni can be retained in the lungs or be transported to the 
blood and excreted through urine, which is the primary way Ni is 
eliminated from the body. The primary factor that determines whether Ni 
will be retained in the lungs is the solubility. Insoluble forms [e.g., 
nickel oxide (NiO) or metallic Ni] can be retained for long periods of 
time while the soluble salts are rapidly excreted. Studies have 
suggested that the majority of Ni in ambient air is insoluble and thus 
would be retained in the lungs. From the lungs, Ni can be transported 
to the blood and accumulate in the kidneys (Rondia, 1978, 1980).
The Ni found in water can come from natural sources, as well as 
anthropogenic sources. The anthropogenic sources for water 
contamination become especially important along coastlines and 
estuaries. The Ni from these sources typically influences the Ni 
concentrations in the sediments, normally the clay particles. In water,
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the salinity of the water and the movement influence the absorption and 
desorption of the metals on and from the sediments. Along with this, 
the adsorption energy of the metals decreases in the following order 
(Rondia, 1978) :
Cd < Hg < Ca < Mn < Zn < Ni < Cu < Pb.
Cd shows the greatest exchangeablity at 39% and Ni at 4%. The Ni from 
the water and sediment can enter the human food chain via plankton and 
the higher aquatic animals feeding on them.
Ni is toxic to plants. An increase in the amount of soil Ni 
causes a marked increase in the Ni concentration found in most plants. 
The amount of Ni that can be extracted from the soil is determined by Fe 
and Mn hydrous oxides which act as a sink for Ni. If soils are highly 
contaminated with Ni, the soil can be limed to reduce the solubility of 
Ni, and thus reduce Ni availability.
Ni has been found to be essential for animals in very small 
amounts, and possibly may be essential for humans. However, no cases of 
Ni deficiency have been diagnosed (Nickel-ATSDR, 1993) . Small increases 
in the Ni level in humans have been known to cause adverse health 
effects. According to the United States Environmental Protection Agency 
(EPA), the consumption of Ni at a level 0.02 mg per kg of body weight 
per day over a long period of time is safe for humans (Nickel-ATSDR, 
1993) but levels slightly higher can be toxic.
Ingestion of Ni by the gastrointestinal tract does not have a high 
rate of retention and is expelled through the feces. When humans drink 
water contaminated with Ni, some develop stomachaches, increased number 
of red blood cells, and damage to the kidney. When a high dosage of Ni 
is ingested, heart failure resulting in death has been known to occur.
Ni can also concentrate in human sweat and hair, but the best indicators 
of Ni exposure are the levels of Ni in urine, feces, and blood (Nickel- 
ATSDR, 1993; Rondia, 1978).
33
The metal ion, Ni2*, readily forms coordination complexes with 
organic molecules which are involved with metabolic activities such as 
the amino acids. Therefore, Ni can bind to peptides and proteins 
(Rondia, 1978) which can affect the heart, blood, and kidneys. Probably 
the most typical reactions to Ni for the general population are skin 
allergies (Nickel-ATSDR, 1993). Skin rashes and asthma are the usual 
forms of skin allergies.
Seism urn
Selenium is a natural occurring element, widely but irregularly 
dispersed in the earth's crust, and occurs most frequently in 
sedimentary rocks. Selenium is typically combined with other elements, 
such as sulfide minerals or with Fe, Ni, Ag, or Cu bearing minerals 
(Shamberger, 1983). When rocks are weathered, the Se usually combines 
with oxygen to form other compounds. The most common of these compounds 
are sodium selenite and sodium selenate. There are several Se compounds 
found in gases; however, hydrogen selenide (H2Se) is probably the only 
Se gas that poses a health threat.
Selenate compounds found in water can easily be absorbed by plants 
and converted to organic Se compounds. Both humans and animals can 
utilize organic and inorganic Se compounds. Se is considered an 
essential micronutrient for both humans and animals since Se helps 
prevent tissue damage by oxygen. However, the difference between the 
essential and detriment amount of Se for humans is very small.
Humans primarily are exposed to Se through their daily food 
consumption, but many are also exposed to water and air sources. In the 
United States, the range for Se intake through food per person per day 
is 0.071 to 0.152 mg, with vegetables and dairy products contributing 
the least, and seafood and organ meats (e.g., liver and kidney) 
contributing the most (Selenium-ATSDR, 1989).
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In the United States, drinking water contributes about 1% of the 
daily intake of Se for the general population (Selenium-ATSDR, 1989). 
Less Se is usually taken in by air inhalation, with the exception being 
specific workplaces that are high in Se dust or volatile Se. These 
workplaces are typically found in the metal industries, Se-recovery 
processes, painting, and special trades. However, selenium dioxide 
(SeOz) and elemental Se can be released into the atmosphere from the 
combustion of coal and oil.
Organic Se compounds usually enter humans in the foods such as 
grain and meats. Inorganic sodium selenate and sodium selenite enter 
humans through drinking water. Both the organic and inorganic forms of 
Se are easily absorbed by the gastrointestinal tract and converted to 
forms of Se that can be used by the body. Se is typically not absorbed 
through the unbroken skin. Some medicated dandruff shampoos contain Se 
compounds. The form of Se in the shampoo is selenium sulfide, which has 
been shown to be carcinogenic in animals (Selenium-ATSDR, 1989).
However, for humans, skin absorption of Se is not usually a problem.
The health effects of Se are dependent upon the amount, duration, 
and form of Se that is taken in by humans. Se is considered an 
essential micro-nutrient, and is used to treat some human disorders.
Many of these disorders respond to either Se or vitamin E, an 
antioxidant, but some only to Se. Some researchers think that Se has a 
general anticarcinogenic effect in humans, suggesting that Se can 
inhibit or reduce some types of carcinogenesis (Shamberger, 1983). 
However, Dr. Peter Greenwald of the National Cancer Institute is not 
convinced and is conducting research to confirm or refute this claim 
(Study Probes Selenium as Cancer Preventative, 1995). For heart 
diseases in rats, Se reverses hypertension effects due to adverse 
affects of Cd. Similar effects of Se are seen in humans, and therefore, 
an inverse relationship has been found between the morality from
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hypertensive heart disease and the amount of Se (Shamberger, 1983). 
During pregnancy, Se can also protect against the toxic effects of 
excessive Zn concentrations and Hg or Cd poisoning in the fetus.
However, if the amount of Se intake from food and/or water is 
slightly higher than the essential amount for humans over a long period 
of time, the health effects can include brittle hair, deformed nails, 
and in extreme cases, loss of feeling and control in the upper and lower 
limbs. The effects of large doses of Se are an upset stomach, muscular 
weakness, difficulty in breathing, and pulmonary oedema. In people who 
are exposed to Se dust and/or airborne Se compounds in the workplace, 
the symptoms are dizziness, fatigue, irritation of mucous membranes, and 
in some extreme cases, pulmonary edema (fluid in the lungs) and 
bronchitis.
Summary of Health
Trace element mobilization in the environment is very complex and 
dependent on several factors such as oxidation state of the trace 
element, the reactivity of the element, the compounds formed, the 
solubility, the association of the trace element (e.g., organic or 
inorganic), particle size, the volatility of the trace elements, and the 
method of dispersion. After determining the mobilization of the element 
in the environment, the mode of entrance into the body must be 
considered when determining the adverse health effects. Many health 
related issues of the trace elements are directly affected by the levels 
in the various tissues or organs and the duration of exposure. Any 
element is toxic in high concentrations, but some are considered purely 
detrimental at any level (e.g., Pb, Hg, and As). Essential elements for 
normal physiological function and growth are Ni, Se, Cr, and possibly 
Cd. Tables 3 and 4 provide an overall summary of the
Table 3
Sources, Levels, and Methods of Exposure for the Seven Trace Elements
Element Anthropogenic Sources Tests for Exposure Modes of Intake by Humans
As Wood or fossil fuel combustion Urine - most reliable Drinking water
Contaminated water, soil, or air Hair & Fingernails Soil via plants
from waste sites Inhalation of air
Cd Combustion of fossil fuels Blood - recent exposures Soil via plants - primary
Zn, Pb, or Cu smelters Urine - total in body Inhalation of air
Cigarettes Hair - unreliable Drinking water
Cr Chemical manufacturing Blood Food - primary
Combustion of fossil fuels Hair Inhalation of air









Combustion of fossil fuels 
Manufacture of Pb-acid 
batteries
Fe & steel production 
Pb pipes and solders 
Hazardous waste sites 
Smelting operation 
Municipal waste incinerators 
Cigarettes
Industrial areas (e.g. Hg 
mines & refineries)
Fossil fuel combustion
Red blood cells 




Inhalation of air 
Drinking water 
Ingestion of soil & foods
CO-J
Ingestion of fish & foods 




Element Anthropogenic Sources Tests for Exposure Modes of Intake by Humans
Ni Fossil fuel combustion Urine
Automobile exhaust converter Feces
Cigarettes Blood
Industrial wastes & sludges 
Se Fossil fuel combustion Blood
Medications Urine
Drinking water 
Ingestion of meats & 
vegetables



















Blood 0.05 ppm in
drinking water (EPA) 
Work (OSHA)
10 pg/m3 in air
Health Effects
Nausea, vomiting, diarrhea, & 
jaundice
Decrease of blood cell production 
Abnormal heart rhythm 
Damage to blood vessels 
Tingling in extremities 
Tissue damage of nerves, stomach, 
intestines, and skin 
Sore throat 
Lung irritation
Skin darkening and small 'warts" 























10 ppm in drinking 
water (EPA)
Work (OSHA)
200 pg/m3 in 
air for Cd dust 
100 pg/m3 in air fumes 
Lungs 100 pg/L in 
drinking water 
Air (OSHA)
1) 500 pg/m3 H20 
soluble salts
Health Effects
Kidney damage - formation of stones 
Pulmonary oedema
Lung damage - e.g. emphysema, acute 
pneumonitis, bronchitis g
Lung cancer 
Nausea & vomiting 
Irritate or damage nose, lungs, 
stomach, & intestines [Cr(VI)] 
Asthma attacks [Cr(III) & Cr(VI)] 
Cause the nose to bleed, itch, or 
sores [Cr(VI)]
Table 4 cont.
Element Required Concentration Maximum Level
Location Recommended
Cr (cont.) Intestines 2) 1000 pg/m3
for Cr and 
insoluble salts 
3)100 pg/m3 for 







0.015 mg/L in 
drinking water (EPA) 
Air




Upset stomach & cause ulcers 
Convulsions
Damage to kidneys and lungs 
Skin ulcers [Cr(VI)]




Colic, nausea, & vomiting 
Damage to male reproductive system, 
& sperm 
Lead anaemia
Premature birth, low birth weight,
even abortions
Table 4 cont.
Element Required Concentration Maximum Level Health Effects
Location Recommended
Pb (cont.) Liver 2) 100 pg/m3 in In infants & young children
Nervous system 10 hrs (OSHA) causes decrease intelligence
Kidney scores, slows growth,
Sweat heating problems,
Nails encephalopathy, & possible
death •**to
Extensive damage to heart & 
kidneys
Increase blood-pressure in 
middle-aged men 











Hg Nonessential Brain 144 ppt in rivers, Mercurial pneumonitis - coughing,
Kidneys streams, & lakes bronchial irritation, chest
Fetus 0.021 mg of Hg pain, & rapid respiration
Hair from food or Classical mercurialism - anorexia,
water per day insomnia, abnormal sweating,
2 ppb in bottled nervous state, gingivitis,
water salivation, tremors, & erethism
Work - air Abdominal pain, vomiting, diarrhea
1.2 ppb of organic Hg with blood loss, & may lead to
6.1 ppb for inorganic circulatory collapse & death
Hg during 8 hrs
Table 4 cont.
Element Required Concentration Maximum Level Health Effects
Location Recommended
Hg (cont). Paraesthesia with tingling &
numbness of extremities, 
disturbance of gait, & 
visual field constriction or 
possible blindness 
Ethyl mercury poisoning - renal, >&■it*
cardiac, & skin lesions 
Diarrhea, fatigue, weight loss, skin 
rashes, & proteinuria
Possibly Kidneys 0.02 mg per kg of Stomach aches, increased red blood
essential Lungs body weight per day cells, & kidney damage
Blood in food or Heart failure, possible resulting





Concentration Maximum Level Health Effects
Location Recommended
Proteins Work - air Skin allergies - skin rashes &
0.1 mg/m’/day asthma (major concern for
for easily general population)
dissolved Ni
compounds in H20
Liver 0.010 ppm in water Brittle hair *&■cn
Kidney 0.2 mg/m3 in air Deformed nails
Blood Loss of feeling in limbs
Lungs Upset stomach, muscular weakness,
Heart breathing difficulty, & pulmonary
Testes edema




environmental and health affects of the seven trace elements of interest 
in this study.
Trace Element Behavior During Combustion and Gasification
The combustion process utilizes coal to produce energy. In this 
process, coal is burned in the presence of oxygen to produce heat and 
carbon dioxide (C + 02 - C02 + heat). The heat can be used in one of 
three ways: (a) directly, (b) to heat steam for other processes, or © to 
convert mechanical energy to electrical energy. In the process of 
burning the carbon matrix to produce heat, several reactions take place, 
producing many products. The major products produced are carbon dioxide 
(C02) and water vapor (H20), along with small amounts of carbon monoxide 
(CO), nitrogen oxide compounds (N0X), and sulfur dioxide (S02) . In this 
process of burning the carbon, other inorganic elements are present that 
are not combustible. Some of the inorganic elements will form slags, 
bottom ash, or fly ash particles, while others will vaporize due to the 
temperature. If the element vaporizes, the vapor may remain in the gas 
phase or recondense as a fine aerosol on a fly ash particle or on the 
surface of the boiler. These inorganic elements released during the 
combustion of coal as fly ash particles or a vapor have the greatest 
potential to be released to the environment.
For a coal gasification process, the principal reaction is carbon 
combining with water to form hydrogen and carbon monoxide (C + H20 - H2 
+ CO). This process requires heat to force the reaction between C and 
H20 to form a gaseous fuel. The heat for the reaction is gotten by 
combusting part of the coal which allows the gasification reaction to 
occur. Once the gasification reaction takes place, the H2 and CO can be 
fed into a gas turbine or fuel cell to provide energy and the hot 
exhaust is used in a steam cycle. Therefore, the efficiency of the 
process is increased. The gaseous fuel could also be processed further
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to produce methane (CH4) or other hydrocarbons such as gasoline that can 
be used or sold elsewhere. The coal gasification process is usually not 
used to produce gasoline since this process is more expensive than 
refining oil to produce gasoline.
Thus, the feed coal into combustion or gasification systems is the 
primary source of trace elements with the approximate trace element 
concentration ranges for most coals shown in Table 5. However, 
sorbents, additives or fluxes can also contribute some trace elements 
during the combustion or gasification process. In order to predict the 
behavior of the trace elements during coal utilization, an understanding 
of the abundance, size and association of the trace elements within the 
coal is needed. The trace elements are associated with both the organic 
and inorganic portion of the coal (Figure 1) or associated with the 
water in the coal. The organically associated trace elements can be 
either chemically or physically bound with chemically bound elements 
associated with the organic groups or in complexes and chelates. The 
physically bound trace elements may either be organically or 































Figure 1. Modes of occurrence of trace elements in coal.
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Typical Concentrations (ppm) for Trace Elements in Coal
Table 5
Range Range
Element Average Low High Element Average Low High
Sb 1 0.05 10 Nb 5 1 20
As 10 0.5 80 Os <0.1
Ba 200 20 1000 Pd <0.1
Be 2 0.1 15 P 150 10 3000
Bi <0.1 Pt <0.1
B 50 5 400 Pr 3 1 10
Cd 0.5 0.1 3 Pm —
Cs 1 0.3 5 Rn —
Ce 20 2 70 Re <0.1
Cr 20 0.5 60 Rh <0.1
Co 5 0.5 30 Rb 15 2 50
Cu 15 1.5 50 Ru <0.1
Dy 3 0.5 4 Sm 2 0.5 6
Er 1 0.5 3 Sc 4 1 10
Eu 0.5 0.1 2 Se 1 0.2 10
Gd 1 0.4 4 Ag 0.1 0.02 2
Ga 5 1 20 Sr 200 15 500
Ge 5 0.5 50 Ta 0.2 0.1 1
Au <0.001 Te <0.1
Hf 1 0.4 5 Tb 0.2 0.1 1
Ho 1 0.1 2 T1 <1
In <0.1 Th 4 0.5 10
Ir <0.1 Tm <0.1
La 10 1 40 Sn 2 1 10
Pb 40 2 80 Ti 600 10 2000
Li 20 1 80 w 1 0.5 5
Lu 0.2 0.03 1 U 2 0.5 10







Low High Average Low High
Hg 0.1 0.02 1 Yb 1 0.3 3
Mo 3 0.1 10 Y 15 2 50
Nd 10 3 30 Zn 50 5 300
Ni 20 0.5 50 Zr 50 5 200
Haloqens
Br 20 0.5 90 F 150 20 500
Cl 1000 50 2000 I 5 0.5 15
associated when substituted into the mineral lattice of a discrete or 
excluded mineral.
During combustion and gasification, the coal particles undergo 
complex chemical and physical changes: char formation, agglomeration of 
melted inclusions and vaporization of volatile elements. Some of the 
factors influencing the distribution of trace elements are size and type 
of boiler or gasifier, turbulence, temperature and pollution control 
devices (Clarke & Sloss, 1992; Linak & Wendt, 1993). Generally most of 
the trace elements are removed in the solid residue; however, some are 
found in the flue gas attached to fly ash as submicron particles or in a 
gaseous phase. A small portion of the finest fly ash as well as the 
gaseous phase penetrates the particulate control system reaching the 
atmosphere with the stack gases. A more complete understanding of the 
behavior of the trace elements in coal utilization is imperative.
Trace Element Partitioning
Once the trace elements in the feed coal are introduced into the 
combustion system there is a finite set of pathways indicating the
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"partitioning" behavior. The partitioning behavior of the numerous 
elemental species will greatly influence the environmental consequences, 
the control technology, and the waste disposal protocols (Ratafia-Brown, 
1993).
The trace elements can be classified broadly into three basic 
groups based on partitioning and enrichment behavior (Figure 2) (Clarke 
& Sloss, 1992). Group I elements are generally partitioned equally 
between coarse residues (bottom ash or gasifier slag) and fly ash which 
is generally trapped by particulate control systems. The coarse 
residues show no significant enrichment or depletion of the Group I 
elements in the ash. The elements which allow an increasing enrichment 
with a decreasing fly ash particulate size are defined in Group II.
These elements are concentrated particularly in the fine-grained 
particles (< 5 /im), which frequently escape particulate control systems. 
Cr and Ni share characteristics of Groups I and II, while As, Cd and Pb 
are classified in Group II only. The third group (Group III) contains 
the volatile elements which are not enriched in the solid phase. The 
Group III elements are difficult to collect and are commonly emitted 
during coal utilization. Se may be placed in either Group II or III, 
depending on the temperature which directly affects the volatility 
(Clarke & Sloss, 1992). Hg is a Group III element due to its high 
volatility.
As the coal particles are pyrolized and burned in the high- 
temperature radiant section of the furnace, the coal undergoes complex 
physical and chemical transformations which include fusion/partial 
melting of discrete mineral particles, formation of char, coalescence of 
melted mineral inclusions and vaporization of volatile elements. The 
partitioning behavior of the trace elements are influenced by three 
interrelated transformation phenomena: (a) the split between the fly ash 
and the bottom ash, (b) the formation of the fly ash particles from the
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mineral components and (c) the release of the trace elements in either a 
solid or vapor form. Many trace elements are partially or
Group I Group II Group III
Ba, Ce, Cs, Mg, As, Cd, Cu, Se** Br, Hg, I,
Mn, Th, Cr*, Ni* Pb, Cr*, Ni* Se**
Figure 2. Three groups of trace elements based on partitioning during 
combustion and gasification (Clarke & Sloss, 1992).
(Note. * denotes elements in Group I and II and ** denotes the element in 
Group II and III).
completely volatilized. The degree of volatilization is contingent upon 
the geochemical mode of occurrence and their organic association within 
the coal. The partitioning of the elements between the various solid 
residues and the flue gas is dependent upon the volatility of the trace 
species. Those elements which are part of the non-combustible material 
and do not vaporize will be retained in the slag or the bottom ash while 
the rest of the trace elements exits in the flue gases as fly ash and 
vapor. The predominant controlling factor determining the ash split 
between the slag or bottom ash is the furnace design, with the coal rank 
a close second.
As the combustion products exit the furnace, condensation of the 
vaporized trace elements will occur, resulting in partitioning 
downstream. Particles can form through nucleation of volatized material 
and growth through coagulation and heterogeneous condensation. 
Condensation for most of the elements will be complete before the flue 
gases reach the particulate control devices. The efficiency of the 
collection of the particulate control devices, such as mechanical
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collectors, electrostatic precipitator (ESP), fabric filters and wet 
scrubbers are dependent upon the type of particulate control device and 
the particle size. The collection efficiency of ESP or fabric filters 
for particles with a diameter larger than a few microns was found to be 
98-99.9% (Clarke & Sloss, 1992). A reduced collection efficiency of 80- 
96% was found for particulates with a diameter of a few tenths of a 
micron. The ESP and fabric filters generally have a higher particulate 
collection efficiency than wet scrubbers (Clarke & Sloss, 1992).
However, all particulate control devices show minimal removal 
efficiencies for submicron particles (0.1-1 diameter) (Linak & Wendt, 
1993). Studies (Clark & Sloss, 1992; Ratafia-Brown, 1993) have 
indicated that the trace elements are enriched in the submicron fraction 
causing a potential pollution problem.
The partitioning of most trace elements except for the most 
volatile species, such as Hg, is linked to the transformation and 
partitioning of the primary mineral matter since the trace species 
either "melt" with the mineral matter components as fly ash and bottom 
ash or the vaporized species are absorbed or condensed from the flue gas 
by the high surface area fly ash particles (Ratafia-Brown, 1993). The 
absorption and condensation mechanisms are inversely proportional to the 
square of fly ash particle diameter (Ratafia-Brown, 1993). Therefore, 
the smallest size fractions of the fly ash, particularly the submicron 
particles, are enriched with trace elements that were vaporized. The 
submicron particles, which are the most difficult to collect as 
mentioned earlier, can be inhaled and deposited in the respiratory 
system thus presenting a potential health hazard.
Release/Transformation of Trace Elements
The trace constituents are transformed concurrently with the major 
and minor minerals and many studies have indicated that the release of
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the trace constituents from the char is related to the geochemical modes 
of occurrence in coal and whether they are organically or inorganically 
associated (Clarke & Sloss, 1992; Swaine, 1990). "The modes of 
occurrence (elemental, oxide or sulfide states of in solution with other 
mineral matter) help establish high temperature thermodynamic 
properties" (Ratafia-Brown, 1993, p. 12). The probability of 
vaporization is generally greater for the trace elements which are 
organically associated than those that are associated with the mineral 
matter.
As, Cd, Mo, Co, Pb, Sb, Se, As, W and Zn are chalcophite elements, 
elements with a strong affinity for sulfur and are indicated to be 
mostly volatized during combustion since they occur as sulfides or with 
sulfide minerals (Clark & Sloss, 1992). These elements are likely to 
partially or completely vaporize during combustion or gasification thus 
are classified as Group II elements. However, the lithofile elements, 
those with a strong affinity to oxygen and usually associated with the 
aluminosilicate minerals, typically melt and coalesce becoming part of 
the slag or fly ash. As mentioned previously, Be, Cr, Cs, F, Ga, Li,
Rb, Ti, V and possibly Ni and Sc are associated with clay minerals 
(Finkelman & Aruscavage, 1981). Some of these are classified as Group I 
elements and have been verified to be nonvolatile, while others exhibit 
the behavior of the Group II elements.
Once the vaporized trace species are carried downstream of the 
combustion zone, there are two factors which influence the final trace 
constituent transformation/partitioning behavior (Ratafia-Brown, 1993) . 
The first is the conversion of the vaporized components into various 
solid forms which is dependent upon absorption, condensation and 
chemical transformation. The second factor is their collection along 
with the fly ash by the particulate and desulfurization control systems.
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Sampling
Sampling is often considered the weak link in the sequence of 
analytical operations. To obtain good reliable results proper sampling 
techniques must be achieved (Swaine, 1992). Since coal is such a 
heterogeneous material, coal "presents one of the most difficult 
challenges in the world of sampling" (Berchtold, cited in Swaine, 1992 
p. 23). The challenge is even made greater when trying to analyze for 
trace amounts. The sample collection and handling methods for the 
determination of trace elements vary considerably; however, the type of 
analysis is an important factor in determining how the sample must be 
prepared.
Beishon, Hood, and Vierrath (1989) sampled output streams in a 
gasifier for approximately 12 hours during a series sampling to 
determine the mass balance of some trace elements in the system. Mass 
flux, slag, and aqueous streams were sampled every hour and combined 
into average samples for each period. Gas samples were taken from the 
exit streams of the gas-cooling process. Solid samples were treated 
through a microwave digestion technique using a mixture of nitric, 
hydrochloric, and hydrofluoric acids. Trace element concentrations in 
the gas samples were below or near the detection limits for the 
inductively coupled plasma atomic emission spectrometry (ICP-AES) and 
neutron activation analysis (NAA).
Germani and Zoller (1988) collected samples for measurement of 
vapor-phase elements (As, Se, Br, I, and Hg) in the stack of a coal- 
fired power plant. Samples were collected from a port in the ductwork 
after the ESP but before the stack. The collection device consisted of 
3 grams of precleaned activated charcoal in a Teflon™ tube and yielded 
accurate measurements of As, Se, Br, and Hg content. The sampling 
device would need to be redesigned to allow accurate determination of I 
and Cl (Germani & Zoller, 1988).
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Maier (1990) collected gas samples for analysis at a flue gas 
desulfurization (FGD) plant in Austria, at locations upstream of the FGD 
and in the stack. Samples were collected through quartz wool filters 
onto a heated quartz glass device. Sampling took between 6 and 24 hours 
at a flow rate of 0.6 to 2.0 liters/minute. Solid samples were digested 
under pressure in nitric and hydrofluoric acid. The gas samples were 
analyzed for mass balance calculations. The gas samples were analyzed 
and mass balance calculations were then performed.
Lorber (1986) used a continuous monitoring technique for heavy 
metals (Cd, Hg, Pb, Cu, Sb, Zn, and Sn) in stack gases. A thin layer of 
dust was collected onto the surface of heat-resistant filter tape and 
directly analyzed with EDXRF. With minor modifications, Pb, Cd, Cu, and 
Zn could be monitored in fly ash collected in different hoppers of the 
ESP.
Cooper (1992) describes a sampling device that simultaneously 
collect both gas- and particle-phase hazardous air pollutants. 
Particulate samples were collected onto both quartz fiber and Teflon™ 
filters in order to verify particle loading. Particle samples collected 
on Teflon™ filters were analyzed using XRF and NAA to measure trace 
elements present in the solid phases. Charcoal traps were analyzed by 
the same methods to determine gas-phase elements. Measurable solid- 
phase elements included Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, 
Ni, Cu, Zn, As, Se, Br, Rb, Sr, Zr, Mo, Cd, Sb, Ba, Hg, Pb, U, and Th. 
As, Hg, and Se can be detected in the gas phase through the charcoal 
trap method.
Once collected from a mine or a power plant, coal samples must be 
prepared for analysis so that the samples are representative of the 
original material without losing the volatile elements or contaminating 
the samples. When analyzing coal, the initial step is to grind the 
lumps of coal to produce a fine material. In grinding the coal, one
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must be aware of the possible contamination from the instrument used to 
crush the coal. At CSIRO, the coal lumps are crushed by utilizing a 
tungsten carbide jaw crusher or press, then ground in a tungsten carbide 
(or agate ring) grinder to reduce the contamination of the coal with Cr 
and other alloy elements present if manganese steel plates were used 
(Swaine, 1985). The finely ground coal can then be analyzed directly 
for the volatile elements by such techniques as XRF when pressed into a 
pellet using between 25,000 to 40,000 psi or by NAA. Other techniques 
such as atomic absorption spectrometry (AA) or ICP-AES require the coal 
to be extensively prepared before analyses. Ashing, acid dissolution, 
bomb decomposition, fusion or sintering, and slurry formation are just a 
few techniques used to prepare coal for analysis. The sample 
presentation method is dependent upon the instrument which will be used 
to analyze the sample along with the specific elements to be analyzed.
Ashing is used to remove the carbon, thus concentrating the 
inorganic components in the ash residue and is widely used for emission 
spectroscopic methods. The literature gives several different ashing 
temperatures ranging from 1050°C to 150°C (Clark & Sloss, 1992; Swaine, 
1990). Temperatures around 450-550°C were found to be the most suitable 
for ashing coal when analyzing for trace elements, provided that the 
carbon is oxidized slowly and the coal is in thin layers (Evans,
Sellers, Johnson, Vivit, & Kent, 1990; Swaine, 1992). Oxidizing 
conditions must be maintained through the ashing procedure, since 
reducing conditions may lead to the loss of some of the elements.
During ashing, there is loss of the halogens and Hg and some of the Se, 
As, and Sb (Swaine, 1992) .
The organic matter is often destroyed by wet-ashing techniques 
which utilize mixtures of H2S04, HN03, H202 or HCIO, (Swaine, 1990) , but 
some elements may be lost and the procedure can require up to 48 hours 
to complete. The more recent approach utilizes an acid digestion in a
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microwave oven (Nadkarni, 1982). Nadkarni (1982) also dissolved coal or 
ash in a Parr 1901 oxygen bomb for Hg, As, and Se. Extreme care must be 
taken when utilizing the oxygen bomb to avoid loss of the volatile 
elements in the vapor that may escape when the pressure is released, as 
well as the possible loss of some elements by absorption on the walls of 
the bomb. Care must also be taken to completely clean the walls of the 
bomb to prevent contamination of the next sample to be digested.
Contamination is a major problem for any analytical technique when 
analyzing for trace elements and must be considered at all stages. To 
prevent or minimize contamination, one must make the correct choice of 
implements, choose suitable storage containers, and avoid contamination 
while handling the sample during ashing, and chemical treatments.
Checks must also be conducted on the materials used to collect or store 
the sample and on the chemical reagents used (Swaine, 1985).
Since most of the contamination problems incurred during the 
analysis of trace elements in coal and coal ash are not unique to coal. 
Other studies involving soils, rocks, and biological materials can be 
utilized to provide insights into the possible sources of contamination 
and how to resolve or minimize the contamination sources. For many of 
the elements there will be some contamination but hopefully at very low 
levels; therefore, meaningful trace element determinations need to be 
properly adjusted to reflect a contamination free analysis.
Analytical
Quantifying trace elements is a difficult task which requires 
proper sampling, awareness of possible contamination errors, the choice 
of proper reference materials, and the correct analytical technique(s) 
(Swaine, 1985). The choice of analytical technique is dependent upon 
the element(s) to be analyzed and the level of concentration of the 
element. Table 5 indicates the levels and ranges of element
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concentrations found in coal. Other factors influencing the choice of 
analytical technique are sample type, the quantity of sample available, 
the availability of equipment and operator expertise, cost- 
effectiveness, and timeliness.
The environmental impact of coal combustion and gasification 
depends, among other factors, on the abundance and distribution of 
potentially hazardous trace elements in the inorganic constituents of 
coal and ash. The determination of these important parameters requires 
knowledge of trace element concentrations in the constituent mineral and 
vitreous phases of coal and ash particles. These concentrations have 
been approximated by applying bulk analytical techniques to the mineral 
fraction of coal obtained by float-sink methods (Swaine, 1990) and to 
size-fractionated fly ash particles (Davison, Natusch, & Wallace, 1974). 
However, this indirect approach provides no information about the 
distribution of trace elements in various mineral species or ash 
particle types. Moreover, the analyses are often adversely affected by 
impurities in the separated fractions. Consequently, it is advantageous 
to directly measure trace element concentrations in coal minerals and 
ash particles with in situ technique. Thus, the analytical techniques 
discussed in the following sections are divided into two categories, 
bulk analytical and speciation or in situ techniques.
Bulk Analytical
The following techniques are available for determining the 
elemental concentrations of the major, minor and trace elements: x-ray 
emission spectrometry, atomic absorption spectroscopy, neutron 
activation analysis, mass spectrometry, and inductively coupled plasma 
atomic emission spectrometry. The x-ray emission spectrometry is 
basically a non-destructive analytical instrument while the others are 
destructive analytical methods. The major performance characteristics
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of the bulk analytical techniques are compared in Table 6. The 
operating principles and performance characteristics of these techniques 
are reviewed in the following sections. In addition, Table 7 indicates 
which techniques have been utilized to determine the elemental 
concentration of the trace elements Cr, Cd, As, Pb, Se, Ni and Hg.
X-Rav Emission Spectrometry (XRF)
An electromagnetic radiation source of sufficient energy is used 
to excite the inner electrons of an atom, and then eject the electrons 
from the atom. Electrons from higher energy orbitals quickly drop to 
fill the vacancies in the inner orbitals, emitting x-ray energy (Swaine, 
1990). The emitted x-rays are always at lower energies than the 
activating radiation and delayed 10'* to 10'8 seconds. This process is 
termed x-ray fluorescence. Each element has characteristic electron 
orbitals with a specific energy, thus a characteristic x-ray 
fluorescence pattern. Since the inner electrons rather than valence 
electrons, produce the characteristic x-ray spectra, the spectral 
features depend on the atomic number, not the chemical form. The 
characteristic energy (keV) of the peaks decreases with increasing 
atomic number.
The two main analytical techniques which utilize x-ray emission 
are wavelength dispersive and energy dispersive x-ray fluorescence 
spectrometry (WDXRF and EDXRF), which are applicable for qualitative and 
quantitative analysis of elements that have an atomic number higher than 
oxygen (Swaine, 1990). An advantage of WDXRF is its higher resolution, 
ten times greater than the EDXRF, which results in lower detection 
limits. However, WDXRF has an overall low detection efficiency for x- 
ray measurements due to inefficient diffraction processes, which results 
in an increase in analysis time. WDXRF can detect most elements at the 
1-ppm level (Swaine, 1985); however, WDXRF is the more expensive
Table 6
Comparison of Analytical Techniques
Parameter NAA XRF AAS ICP-AES MS
Type of Sample Solid Solid Solution Solution Solution
Number of Elements 
Analyzed
Multiple Multiple Single Multiple Multiple
Analyzing Time Hours or weeks 1 Hour Minutes Minutes Minutes
a\
Sample Preparation Minimal Minimal Extensive Extensive Extensive
Spectral Interferences Minimal EDXRF - PP 
WDXRF - M
PP PP PP
Matrix Effects Negligible Problematic Problematic Problematic Problematic
Destructive Yes No Yes Yes Yes
Note. PP - potentially problematic and M - minimal
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Table 7
Recommended Methods for Coal Analysis Preferences
As Cr Cd Hg Ni Se Pb
FAAS Yes Yes Yes - Yes - Yes
EARS Yes - Yes - Yes Yes -
HG-AAS Yes - - - - Yes Yes
CV-AAS - - - Yes - - -
NNA Yes Yes - - Yes Yes Yes
RNAA Yes - Yes Yes - Yes -
WDXRF Yes Yes - - Yes - Yes
ICP-AES Yes Yes Yes Yes Yes Yes Yes
SSMS Yes - - - Yes - Yes
technique since only one element can be analyzed at a time. The WDXRF 
utilizes different crystals to angularly disperse the excited secondary 
x-rays according to their wavelengths and a detector [a gas flow 
proportional counter for long wavelengths or Nal(Tl) scintillation 
counter for short wavelengths] to collect the characteristic energies. 
EDXRF utilizes a solid-state detector, usually lithium-drifted silicon 
[Si(Li)] or lithium-drifted germanium [Ge(Li)], in conjunction with a 
multichannel energy analyzer to separate the x-rays according to their 
photon energies. The EDXRF simultaneously analyzes multiple elements 
over broad concentration ranges and lends itself well to automated 
routines which can provide accurate, rapid analyses of trace elements in 
coal and related materials (Prather, Guin, & Tarrer, 1979).
The EDXRF has been used to determine 23 elements in coal samples 
with the precision ranging from +0.01% to ±10%, depending on the element 
(Prather et al., 1979). Several other studies (Cooper, 1992; Davison et 
al., 1974; Ruch, Gluskoter, & Shimp, 1974; Suloway et al., 1983) have
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used WDXRF techniques to analyze coal and related materials. Both 
techniques are applicable to bulk samples of liquids, solids, or 
semisolids and usually require minimal sample preparation.
Elemental overlaps and matrix effects must be considered when 
using either technique, and calibration must be done routinely to keep 
the instruments in optimal working condition. The main disadvantage of 
the EDXRF is the limited energy resolution causing peak overlaps to be 
more common than in WDXRF. Fewer overlap problems are encountered with 
WDXRF due to the higher resolution. Matrix effects can be minimized for 
both techniques by utilizing proper standards, modifying samples, or 
applying mathematical correction procedures (Kuhn and Henderson, 1977). 
Sample dilution using an inert substance, addition of a high atomic 
number absorber, and thin film samples are sample modifications used to 
minimize the matrix effects (Swaine, 1990)—all of which create other 
problems. Quantification of trace elements becomes more difficult when 
a sample is diluted or a heavy absorber is added. The techniques cause 
an increase in the minimum detection limit, and the preparation of a 
uniform, representative thin film is difficult. Often coal is ashed to 
concentrate ash and to remove the C matrix before it is analyzed by x- 
ray fluorescence. The temperatures used for ashing coal vary from 150° 
to 1050°C with 450°, 500°, and 525°C being favored to reduce the 
release of volatile species (Swaine, 1985). Since some elements are 
known to volatilize at 150°C, there may be losses of elements such as 
Cl, Br, Hg, I, F, and possibly As and Sb. Thus the use of whole coal in 
the determination of trace elements by EDXRF and WDXRF is preferred to 
minimize the losses during ashing (Swaine, 1985). However, when 
analyzing the whole coal, certain trace elements, such as Cd, Hg, and 
Tl, are usually below the detection limits of WDXRF, the more sensitive 
technique.
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Several studies (Beishon et al., 1989; Cahill, Shiley & Shimp, 
1982; Cooper, 1992; Davison et al., 1974; Prather et al., 1979; Suloway 
et al., 1983) have utilized EDXRF and/or WDXRF to analyze trace elements 
in coal and coal-related materials. Davison et al. (1974) reported the 
precision for WDXRF as ±5% for Fe, Ti, Al, Si, Ca, K, S, and Mg.
Beishon et al. (1989) determined that the XRF was unable to detect 
levels below 10-50 ppm for the major elements (> 1 weight %), while 
Prather et al. (1979) reported detecting some trace elements as low as 
11 ppm, and Cooper (1992) reported some trace elements at <1 ppm.
Another x-ray method, a sensitive, nondestructive, multi-elemental 
technique, is proton-induced x-ray emission (PIXE), which involves 
costly equipment. PIXE entails the excitation by protons in the range 
of 1-4 MeV to produce the characteristic x-rays from the elements. The 
emerging x-rays are usually detected by an energy-dispersive 
spectrometer with a Si[Li] detector. The process of measuring the 
intensities is basically the same as EDXRF; however, the spectra are 
different. The peaks of the lighter elements are predominant in the 
spectra from PIXE. The detection limits depend on the time of exposure 
to the proton beam, energy interference, high concentrations of some 
elements, and the background radiation (Simms, Rickey, & Mueller, 1977). 
The detection limits range from 1 to 2 ppm up to 10 ppm and are useful 
for thin samples, when there is a limited amount of sample, or when only 
surface layer analysis is desired (Swaine, 1990).
Atomic Absorption Spectroscopy
Coal and related material have been analyzed for trace elements by 
atomic absorption spectroscopy since the 1960s or earlier. It is 
accepted as a good, relatively cheap method for a wide variety of 
samples (Swaine, 1985); however, it does not have simultaneous multi­
element capabilities. Atomic absorption spectroscopy (AA) is based on
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the fact that atoms in a gaseous state are capable of absorbing optical 
radiation of well-defined frequencies. An emitting source is used to 
produce the characteristic spectrum of the element sought. The 
radiation is then passed through the atomic vapor where a portion is 
absorbed; the amount absorbed is proportional to the concentration of 
the element being analyzed (law of Lambert-Beer). Then the unabsorbed 
radiation is usually passed into a monochromator, a spectral isolation 
device, which separates the radiation into the particular wavelengths of 
interest. The radiation then goes into a detection system where the 
intensities of specific wavelengths are determined. The most important 
step in AA is the method for producing the atomic vapor because this 
process has the most effect on the eventual analysis (Guidoboni, 1978). 
Therefore, the precision, accuracy, and sensitivity are largely 
influenced by the formation and transport of the atomic vapor.
There are four common AA methods used which differ in the type of 
excitation used: flame atomic absorption spectroscopy (FAAS), 
electrothermal atomic spectroscopy (EAAS), hydride generation atomic 
absorption spectroscopy (HG-AAS), and cold vapor atomic absorption 
spectroscopy (CV-AAS) (Swaine, 1990). Most of the AAS techniques 
require the sample to be in solution. There are several dissolution 
techniques which have been used depending upon the type of sample and 
the element to be analyzed. Efforts have been made to directly analyze 
solid coal and coal ash using a graphite furnace (EAAS) to produce the 
vapor. There has not been a great deal of success to date with solid 
sample introduction, particularly with coal ash.
The simplest of the four techniques, FAAS, is sensitive for 
several elements. In FAAS, a sample solution is passed through an 
atomizer into a flame, which is in the path of radiation from a light 
source. The flame is usually air-acetylene, but sometimes nitrous 
oxide-acetylene, air-propane, or air-hydrogen is used depending upon the
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element to be determined. A monochromator isolates the absorption line 
of a particular element and is detected by a photomultiplier-amplifier 
system. Pb, Tl, Cd, As, Ni, and Be were determined in vapor using FAAS 
by Davison et al (1974) with ±10% precision. FAAS was also used to 
analyze for Cd, Pb, Ag, Cu, Zn, and Ni in coal (Turner & Lowry, 1983). 
The precision for this study was not given.
EAAS, often called graphite furnace AAS, is probably the most 
sensitive technique for most of the trace elements (Swaine, 1990). A 
fixed volume of analyte (less than a mg of solid sample dissolved in 10- 
20 microliters of solution) is transferred to the graphite sample 
holder, which is enveloped in an inert gas to prevent atmospheric oxygen 
from making contact with the hot graphite and sample. The analyte then 
goes through three stages of heating: a low-temperature step to drive 
off the moisture, a higher-temperature step to ash any carbonaceous 
material and drive off as much material as possible without loss of 
analyte, and a high-temperature step to vaporize and atomize the rest of 
the sample including the analyte. The heating times and the 
temperatures used are dependent upon the element being analyzed, the 
matrix, and the choice of matrix modifier added to the sample to improve 
analysis. EAAS was used to analyze coal for As, Sb, and Se (Aruscavage, 
1977) and Cd (Godbeer & Swaine, 1979). Suitable matrix modifiers and 
conditions for atomization in EAAS can overcome interferences for As,
Cd, Co, Cr, Ni, and Pb in coal (Godbeer & Swaine, 1979). The increased 
sensitivity of the EAAS over FAAS makes it attractive for analyzing coal 
for the trace elements As, Sb, Cd and Se with a precision of ±10% at 
around 1 ppm (Swaine, 1985). However, when whole coal is analyzed, the 
sample preparation, specifically grinding, is very important (Swaine, 
1985). Using EAAS on coals, Ciocco, Morsi, Araujo, and Chiang (1992) 
reported As and Se in the range of 2-20 ppm with ±8% precision, and Yang 
(1989) set detection limits for Sb at 3 ppm, As at 2 ppm, and Se at 1
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ppm in the original solid sample. Theoretical detection limits for EAAS 
are actually much lower (low ppb for most elements) and are generally 
comparable to detection limits for neutron activation analysis.
Hydride generation AAS depends on a strong reductant (usually 
NaBH,) to reduce dissolved elements capable of forming hydrides into 
gaseous hydrides, which are fed into a flame for atomization or a heated 
quartz tube where the hydrides are thermally decomposed into atomic 
vapor for detection and quantitation (Nadkarni, 1982; Davison et al., 
1974). The accuracy of the hydride methods depends upon the 
quantitative formation of hydride and quantitative transfer into the 
heated cell. Care must be taken since there are many factors that can 
affect these processes and thus influence results. This method is often 
used for As, Sb, and Se and has been used to analyze for As, Bi, Pb, Sb, 
Se, Sn, and Te in coal (Nadkarni, 1982) and Se in combustion particulate 
with ±10% precision (Davison et al., 1974).
The fourth method is cold vapor (CV-AAS) and involves reduction 
using SnCl4 or NaBH4 to generate elemental Hg to atomic vapor. The 
vapor is then transferred by an inert carrier gas to an absorption cell. 
The detection limit is improved by preconcentrating the Hg vapor formed 
by amalgamation on Ag or Au followed by thermal desorption for 
detection. CV-AAS is especially useful for analyzing Hg in coal 
(Swaine, 1985; Turner & Lowry, 1983). Hg has been determined by the 
cold vapor method at levels as low as 0.16 ppm in solids with a 
precision of ±8% (Ciocco et al., 1992). This detection limit may be 
improved by an order of magnitude using atomic fluorescence detection 
with cold vapor generation. The hydride method, including cold vapor 
generation, was the best of the three spectrometric methods (ICP-EAS, 
FAAS, and hydride) to determine Hg and As (Nadkarni, 1982). Hydride 
generation and cold vapor generation are considered among the most 
sensitive and amenable techniques for determination of the elements.
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Neutron Activation Analysis
Neutron activation analysis (NAA) is a suitable, reliable, and 
proven method for the analysis of whole coal and related materials 
(Swaine, 1990) as well as one of the most accurate, precise, trace 
element analytical techniques (Weaver, 1978). Nondestructive multi- 
elemental analysis on almost any matrix and any phase is possible with 
NAA. However, NAA is not conducive to the analysis of elements such as 
Be, B, Cd, and F (Swaine, 1985). There are two types of NAA: the 
direct approach (INAA) which is the most common and radiochemical 
separation (RNAA). INAA involves thermal neutron irradiation of a small 
encapsulated sample, followed by instrumental measurements of the 
emissions, y - and x-rays, from the radioactive isotope (decaying 
radionuclides) formed by the various elements (Swaine, 1990). Most of 
the modern INAA techniques measure the emitted Y~rays using a high- 
resolution spectrometer which includes a preamplifier, an amplifier, an 
analog-to-digital convertor (ADS), a multichannel analyzer (MCA), and 
preferably a pulse processor. The energy and relative intensities of 
the y - r a y  or x-ray lines (photopeaks) are used to identify the elements 
present in the sample. The elemental concentrations are proportional to 
the photopeak areas and are compared with those of known standards.
INAA is capable of simultaneous multi-element determination at low 
detection limits for nearly all of the elements. Sample contamination 
is reduced, due to the minimal sample preparation. Also, because of the 
improvements in Y~ray detectors [the use of Ge(Li) crystals instead of 
Nal(Tl) detectors) and computer software, interferences can often be 
overcome. However, attainment of high precision and accuracy is 
dependent upon neutron flux (10'2 neutrons cm'2 s'1 or higher) of the 
nuclear reactor, the neutron cross section of the element being 
analyzed, the length of irradiation, the resolution of the detector
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(high-purity germanium, HPGe, or lithium-drifted germanium, Ge[Li]), 
matrix composition, and the sample size. Thus, increasing the neutron 
flux and irradiation times increases the precision and accuracy. Using 
Ge[Li] crystals, INAA can determine up to 40 trace elements in coal with 
a precision of less than or equal to ±5% (Weaver, 1978) . Turner and 
Lowry (1983) used INAA on coal to determine concentrations of Cd, Pb,
Ag, Cu, Zn, Ni, and Hg, but no precision was given. Forty-four elements 
of coal were analyzed using INAA by Steinnes (1979) with precision 
ranging from ±140 ppm to ±0.006 ppm depending on the element. According 
to Beishon et al. (1989), the INAA was clearly in error in determination 
of As, Be, Cu, Ni, V, and Zn, but other elements could be detected at 
0.5 ppm in solids and at 0.01-0.5 ppm in aqueous solutions with a 
precision of ±10%.
If an element is below the detection limit of INAA or there is 
interference with other radionuclides, separations may be done after 
irradiation using the radiochemical separation technique (RNAA). The 
six possible separations done after irradiation are distillation, 
precipitation, absorption, solvent extraction, ion exchange, and 
chromatography. RNAA is often used for Hg, Cd, As, and Se (Swaine,
1985) and was used to determine Hg and Se in Australian coals (Swaine, 
1982) . Suloway et al. (1983) utilized INAA to determine 28 elements, 
but used RNAA in the determination of Hg.
Mass Spectrometry
Mass spectrometry (MS) ionizes the sample by some method. The 
method of producing the ions is the basic difference between the 
different types of MS. Once the ions form, a magnetic field is used to 
separates the ions by mass. A detector is used to find which elements 
are present.
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The spark source mass spectrometry (SSMS) ionizes the sample in a 
vacuum by igniting a spark between two electrodes made from the sample. 
The high-energy spark produces vaporization and ionization that are 
essentially the same for all elements. The ions are then accelerated 
into a magnetic field, where the ion beam is separated according to the 
mass-to-charge ratios. The mass spectrum is recorded by an ion detector 
such as a photographic plate, Faraday cup collectors, electron 
multipliers, or a scintillator device. The mass spectrum produced is 
complex; for example, if a pure metal M is sparked in the source, it 
will include approximately 74% M*, 22% M2+, and 4% M3* (Carter, Donohue, 
Franklin, & Walker, 1978).
Another type of MS is thermal emission mass spectrometry (TEMS). 
Due to technological advances in both techniques, these methods have 
increasingly been used in the determination of trace elements in coals 
and related materials (Swaine, 1985). Thermal ionization is used for 
higher precision work, around ±1%; however, SSMS is normally used for 
simultaneous multi-element analysis of coal (Carter et al., 1978). 
According to Swaine (1985), SSMS can determine more than 30 elements 
simultaneously at 0.02 ppm or higher with a precision and accuracy of 
±10%. A variation of SSMS or TEMS, isotope dilution spark source mass 
spectrometry (IDSSMS), uses an enriched isotope known as a "spike" added 
to a mixture of pure graphite or silver powder and fly ash. IDSSMS 
produces better precision and accuracy than either TEMS or SSMS. Carter 
et al. (1978) determined the precision of IDSSMS to be ±1%. Although
SSMS, TEMS, or IDSSMS are very sensitive techniques for trace element 
determinations, the instrumentation is costly and requires a staff of 
specialists (Swaine, 1985). High-temperature combustion particle 
emissions were quantitatively determined for Bi, Pb, Tl, Sb, Sn, As, Zn, 
Cu, Ni, Fe, V, Ca, K, and Si with ±20% precision (Davison et al., 1974).
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Eklund (1986) determined 72 elements in gasifier ash utilizing SSMS, but 
did not provide the precision for the elements.
Inductively Coupled Plasma Atomic Emission Spectrometry
In inductively coupled plasma atomic emission spectrometry (ICP- 
AES), a sample to be analyzed is ionized and/or atomized and excited. 
Characteristic ultraviolet radiation for the element is emitted when the 
excited atomic and ionic species almost immediately relax to their 
ground state (Que Hee, Finelli, Fricke, & Wolnik, 1982). Multi-element 
analysis is done by measuring the intensity of one or more emission 
lines for each analyte.
The major components of ICP-AES are the sample introduction 
system, the ICP source with its radio frequency (rf) generator, the 
optics and spectrometer, and the detector readout device (mini- or 
microcomputer). The sample is introduced in the form of a liquid and 
converted to aqueous aerosol droplets by a pneumatic, ultrasonic or 
thermospray nebulizer (Que Hee et al., 1982). The aerosol drops are 
quickly heated upon entering the plasma. An electrodeless discharge of 
argon causes excitation of the aerosol drops, emitting light which goes 
to a spectrometer. Two types of spectrometers are commonly used: a 
scanning monochromator for sequential analysis and a polychromator for 
simultaneous analysis. The spectrometer, with a resolution factor of 
0.01, resolves the emission lines of the analyte elements as well as 
measures their intensities. The plasma must be stabilized by running it 
for approximately 1.5 hours, and the argon flow rate must be strictly 
controlled for proper operation of an ICP-AES instrument. Holding the 
total solids to about 1% of the solution is also beneficial. ICP-AES 
has high multi-element capabilities with moderate spectral 
interferences, low chemical interferences, and automatic data handling
(Swaine, 1990).
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The solutions used in ICP-AES coal analysis are usually prepared 
by first ashing the coal, but new techniques are being developed to 
analyze the entire coal. These solutions are prepared in a variety of 
ways depending on the type of sample and the element to be analyzed.
Coal ash can be treated with a mixture of aqua regia plus HF in a Parr 
acid-digestion bomb to which boric acid is added to mask interferences 
from excess fluoride and to complex insoluble fluorides (Nadkarni,
1980) . Others have used HF + HN03, HF or HNOa + HClO, followed by HF 
(Que Hee et al., 1982). Several studies (Beishon et al., 1989; Brown, 
Hausler, Hellgeth, & Taylor, 1982; Ciocco et al., 1992; Cooper, 1992; 
Eklund, 1986; Pflughoeft-Hassett, Hassett, McCarthy, Manz, & Beaver, 
1991) have utilized ICP-AES to analyze trace elements at levels as low 
as 0.01 ppm, with precision ranging from ±8% to ±30% in coal and coal- 
related materials. Some elements in coals and coal material can 
routinely be determined down to the ppb range using ICP-AES (Clarke & 
Sloss, 1992). The detection limits of the ICP-AES are generally better 
than the FAAS, but not as good as EAAS with the exception of B and Sr 
(Swaine, 1990). Yang (1989) reported the detection limit for As at 100 
ppm, Se at 150 ppm, and Sb at 60 ppm.
Recently, ICP-AES has been used as an atomization or ionization 
source in two analytical techniques. The first is inductively coupled 
plasma atomic fluorescence spectrometry (ICP-AES). The second is a fast 
growing technique, inductively coupled plasma mass spectrometry (ICPMS), 
combining ICP-AES and mass spectrometry. The ICP-AES is used for the 
source of ions which are measured using a mass spectrometer. The two 
main advantages of ICPMS are the simplicity of the spectra and the low 
detection limits for a wide range of elements, especially the rare earth 
elements (Swaine, 1990) .
Table 6, shown previously, provides a brief comparison of the 
techniques discussed. Of these technique(s), Table 7, also shown
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previously, indicates which can be utilized to determine the 
concentration of trace amounts of Cr, Cd, As, Pb, Se, Ni, and Hg.
Speciation Techniques
The following analytical techniques are available for performing 
in situ quantitative trace element ainalysis of very small amounts (sub­
microgram) of material, on a micrometer scale: electron probe x-ray 
microanalysis (EPXMA); proton-induced x-ray emission in a microbeam mode 
(micro-PIXE or proton microprobe); synchrotron-induced x-ray 
fluorescence (SXRF as used in a microbeam mode), or x-ray microprobe; 
and secondary ion mass spectrometry (SIMS), or ion microprobe. The 
electron-, proton-, and x-ray-microprobes are essentially non­
destructive analytical instruments that employ x-ray emission 
spectrometry for elemental analysis (Bassett & Brown, 1990; Goldstein & 
Williams, 1992; Reed, 1990). The ion microprobe, however, is a 
destructive instrument that uses a beam of "primary" ions to remove 
material from the sample and generate "secondary" ions that are then 
analyzed using mass spectrometry.
The major performance characteristics of these microbeam 
techniques are compared in Table 8; information was compiled from 
Bassett and Brown (1990), Goldstein and Williams (1992), Reed (1990), 
and Van Grieken and Xhoffer (1992). The values in this table are 
approximations which vary considerably depending on the analyte element, 
sample matrix, instrumental arrangement, and operating conditions. 
Electron probe x-ray microanalysis is the most well-established and 
frequently used technique for trace element microanalysis, even though 
its elemental sensitivity is relatively poor. The more recent microbeam 
techniques (micro-PIXE, SXRF, and SIMS), developed only within the past 
couple of decades, are capable of considerably lower elemental detection 
limits, though the sample volume analyzed is greater. These high-
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sensitivity instruments are of limited availability, and some techniques 
are not yet fully developed. Each technique has specific limitations 
related to the principles on which it is based. Frequently, the 
techniques are complementary with regards to spatial resolution, 
detectable elements, and detection limits.
The operating principles and performance characteristics of these 
techniques are reviewed in the following sections. In addition, 
published applications to the trace element microanalysis of coal 
minerals and coal ash particles are described.
Electron Probe X-rav Microanalvsis
This section reviews EPXMA as performed in the electron microprobe 
(EMP), scanning electron microscope (SEM), and transmission electron 
microscope (TEM). A complete review of the EMP, SEM, and TEM would 
include additional analytical techniques such as backscattered electron 
imaging, electron diffraction, electron energy loss spectrometry, and 
scanning TEM imaging. These topics are discussed in detail by Lloyd 
(1987), Goldstein and Williams (1992), Joy, Romig, and Goldstein (1986), 
and Steeds and Morniroli (1992), respectively, and will not be further 
addressed in this study.
Electron probe x-ray microanalysis is the only technique in Table 
8 that employs electrons as an excitation source. The ability to obtain 
high x-ray spatial resolutions of about 1 pii in typical EMP and SEM 
instruments and 2 to 3 nm in TEM is the primary advantage of electron 
beam excitation. The characteristic x-ray photons emitted as a result 
of the interaction of beam electrons with specimen atoms can be detected 
and measured with a wavelength-dispersive spectrometer (WDS) or an 
energy-dispersive spectrometer (EDS). However, the TEM is currently 
limited to EDS because of geometrical design considerations (Goldstein &
Table 8
Performance Characteristics of Quantitative Trace Element Microanalvsis Microbeam Techniques
Parameter EPXMA Micro-PIXE SIMS SXRF
Excitation source electrons protons ions photons
Detection via photons photons ions photons
Depth Resolution, /urn 2 30 2 10
Spatial Resolution, ^m 1 (BVP, SEM) 
2-3 nm (TEM)
1 1 5
Analysis volume, 4 (EMP, SEM) 100 150 100
Detection Limit (ppm) 1000 (EDS) 
50 (MDS)
1 (EDS) 0.5 0.1-5
Quantification Yes Yes Difficult Yes
Element Mapping Yes Yes Yes Yes
Destructive No No Yes No
75
Williams, 1992). The advantages and disadvantages of these detection 
systems have been discussed by Goldstein, Newbury, Echlin, Joy, Fiori, & 
Lifshin (1984). Advantages of the WDS are high energy resolution (<40 
eV); high peak-to-background ratios, over 10 times greater than for EDS; 
high input (output) count rates, up to 50,000 x-ray counts per second; 
and the ability to detect and quantify light elements more efficiently 
than EDS. The primary disadvantage of WDS is the poor x-ray collection 
efficiency of the detector, approximately 102 to 103 worse than in EDS. 
Other disadvantages include the need to measure or control beam current 
while peak and corresponding background measurements are made, and the 
mechanical instability of WDS. Advantages of the EDS are high 
collection and quantum efficiencies, large spectral acceptance range 
(collecting the entire spectrum at once) , and mechanical reliability 
(Goldstein et al., 1984). The disadvantages of EDS are poor energy 
resolution (approximately 30 times poorer than WDS), presence of 
numerous spectral artifacts (e.g., silicon escape peaks, sum peaks, and 
pulse pileup), and low peak-to-background ratios. Fortunately, the 
systems are complementary; the low efficiency and good resolution of the 
WDS are complemented by the high efficiency and poor energy resolution 
of the EDS.
In most EPXMA laboratories, EDS is used for qualitative and 
general purpose, quantitative, major- and minor-element analysis. 
Reliable analyses down to concentrations of '1000 ppm can be produced 
routinely using EDS. Quantitative trace element analysis is performed 
exclusively by WDS because of its superior energy resolution and 
sensitivity relative to EDS. Solberg (1988) has addressed most of the 
technical aspects of trace element analysis with WDS. Elemental 
concentrations of a few hundred ppm can be determined with WDS and with 
more difficulty some elements can be analyzed with concentrations in the 
50-100 ppm range (McKay, 1989; Merlet & Bodinier, 1990) . The
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sensitivity of EPXMA is ultimately limited by the relatively high non­
characteristic x-ray background, or Bremsstrahlung, that is produced 
when the incident electron beam is decelerated during interaction with 
the sample atoms.
In recent years, many EMPs and SEMs have been equipped with both 
WDS and EDS systems. Ware (1991) reported on the advantages of their 
combined use in EPXMA. The author described a combination EDS-WDS EMP 
and computer control program that provides more efficient elemental 
analysis, optimum precision for major element analysis, and optimum 
limits of detection for trace element analysis.
In the last decade, continuous efforts have been made to develop a 
generally applicable correction procedure for performing quantitative 
chemical analysis of individual particles using EPXMA. The theoretical 
correction procedure of Armstrong and Buseck (1975) and Armstrong (1978) 
is most commonly applied. Storms, Janssens, Torok, and Grieken (1989) 
investigated the limitations and possible simplifications of the 
Armstrong-Buseck (A-B) correction procedure to facilitate the 
development of a fully automated EPXMA method that yields accurate and 
precise chemical analysis results of individual microparticles. In 
general, the A-B correction was demonstrated to be critically dependent 
on an accurate knowledge of particle size and shape when applied to 
absolute (i.e., non-normalized) results.
The reader is referred to Swaine (1990) for a comprehensive 
compilation of the various applications of EPXMA to the chemical 
analysis of coal minerals. The EPXMA technique has been applied 
successfully, primarily by Finkelman and co-workers (Finkelman, 1978; 
Finkelman & Aruscavage, 1981; Finkelman & Stanton, 1978), to the 
analysis of accessory minerals that concentrate trace elements. These 
studies have focused primarily on the microanalysis of trace-element
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enriched phases because of the relatively poor sensitivity of EPXMA 
(Table 8).
Lauf (1985), using TEM observations supplemented with 
microchemical analyses obtained by analytical SEM, concluded the 
following: (a) many trace elements (such as Cu, Co, Cr, Ni, Cd, and V) 
are associated with specific ash constituents because they were 
associated with specific coal minerals, (b) elements such as Pb, As, S, 
Mo, and possibly Zn appear to be liberated into the vapor phase during 
combustion, and (c) fly ash particles containing magnetic spinel 
(ferrospheres) can account for the enrichment of Cu, Cr, Co, Ni, V, and 
Cd in fly ash relative to bottom ash.
Proton-induced X-rav Emission
Micro-PIXE, also known as the proton microprobe, is a relatively 
new technique for trace-element microanalysis. The technique has been 
reviewed in depth by Johansson and Campbell (1988) and the 
instrumentation has been discussed in Richter (1984). Micro-PIXE is 
similar in principle to EPXMA, except that protons with energies of a 
few MeV are used to excite the sample instead of electrons. A high- 
energy proton beam is produced with a cyclotron or with nuclear 
electrostatic accelerator. Proton beams can be focused with magnetic 
quadrupoles and/or electrostatic lenses to a diameter of about 1 pm, but 
the depth of the analyzed region is much greater because of the high 
penetrating power of protons. The volume analyzed is therefore 
considerably greater than in EPXMA (Table 8). The major advantage of 
using protons rather than electrons for irradiation is that a much lower 
Bremsstrahlung is produced because the heavier incident protons, 1,836 
times more massive than electrons, impart only a small fraction of their 
energy via inelastic collisions to the electrons of the sample atoms 
(Johansson & Campbell, 1988). However, the protons generate secondary
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electrons in the sample that have sufficient energy to produce 
Bremsstrahlung in the low energy region, generally 1 to 10 keV, of the 
x-ray spectrum. This negates the advantage of proton excitation for the 
lighter elements.
In general, EDS is used in the proton microprobe to analyze the x- 
rays emitted by the irradiated sample volume (Johansson & Campbell, 
1988). The proton microprobe is capable of measuring concentrations of 
approximately 1 ppm for elements that have relatively high energies.
The elemental detection limits for the proton microprobe are superior to 
the best levels attainable using EPXMA and approach the detection limits 
obtainable using the x-ray and ion microprobes, but with a much greater 
spatial resolution.
Micro-PIXE has not been widely used in coal and coal ash 
characterization work because of the need for a cyclotron or accelerator 
facility. Currently, only 40 to 50 experimental stations exist 
worldwide that are capable of performing PIXE in a microbeam mode. 
Fortunately, new micro-PIXE facilities are becoming available.
The application of micro-PIXE in mineralogy has been reviewed by 
Blank and Traxel (1984) and Fraser (1990). Remond, Cesbron, Traxel, 
Campbell, and Cabri (1987) compared the analytical efficiencies of EPXMA 
and micro-PIXE in the context of spatially resolved minor and trace 
element analysis of sulfide minerals. The two techniques were found to 
be complementary; elements lighter than Zn could only be detected with 
EPXMA, while Se and In were only detectable with micro-PIXE. The 
quantitative results for Cd, Ag, Ga, and Ge were in agreement within 
analytical uncertainty for both techniques. However, the EPXMA results 
for Hg were consistently lower than for micro-PIXE. The improvement in 
the detection limits afforded by micro-PIXE over EPXMA in the sulfide 
minerals ranged from a factor of about 3 for Ga, Ge, and Hg, to a factor 
of 10 to 30 for Se, Ag, Cd, and In.
79
Jaksic et al. (1991) examined the distribution of major, minor, 
and trace elements in fly ash particles using proton backscatter 
analysis, point analysis, x-ray mapping, and radial line scans. Their 
results documented the complexity of intraparticle elemental 
distribution.
Svnchrotron-radiation Induced X-rav Fluorescence
The x-ray microprobe uses an electron or positron storage ring as 
a synchrotron x-ray source that is many orders of magnitude more intense 
than a conventional x-ray tube. Synchrotron X-rays are more efficient 
in generating characteristic x-rays and produce less continuous 
radiation (Bremsstrahlung) resulting in higher signal-to-background 
ratios than for electron or proton excitation. The x-rays are 
collimated and focused using modern x-ray mirrors, giving a spatial 
resolution of about 5 microns. According to Bassett and Brown (1990) 
the advantages of this technique include: (a) it is more nondestructive, 
as it has a lower-energy deposition for a given sensitivity as compared 
to electron and proton microprobes; (b) it can analyze for a wide range 
in elements, from potassium to the heaviest elements; (c) it has high 
sensitivity (<0.1-5 ppm); and (d) the physics of photon interactions 
with matter are well understood, so that quantitation is relatively 
straightforward. Undoubtedly, the performance capabilities of this 
technique will advance with improvements in x-ray focusing technology 
and the commissioning of increasingly powerful synchrotron sources.
Applications of SXRF are just beginning to emerge. The reader is 
referred to Bassett and Brown (1990) for examples of the application of 
SXRF in mineralogy. Rivers, Sutton, and Jones (1992) used SXRF to image 
the distribution of trace elements in a calcite veinlet in coal.
Torok, Sandor, and Rausch (1990) assessed the feasibility of using 
SXRF to analyze trace elements in individual fly ash particles. The
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authors concluded that particles of 10-50 pm in diameter could be 
analyzed for Cu, Zn, As, Sb, Ba, Cd, and Sn if the x-ray beam could be 
properly stabilized and focused.
Secondary Ion Mass Spectrometry
The theory and operation of the ion microprobe have been discussed 
by Benninghoven, Rudenauer, and Werner (1987). The ion microprobe uses 
a primary beam of energetic ions (e.g., Ar*, O", F') to bombard the 
sample surface and eject material in a process known as sputtering. A 
small fraction of the sputtered material is ionized and the resulting 
secondary ions are analyzed with a mass spectrometer. The SIMS 
technique is attractive for trace element micro-analysis because of its 
high sensitivity (sub-ppm detection limits) and complete mass range. 
However, in many applications it is difficult to obtain reliable 
quantitative results because of the lack of a general predictive model 
relating sample concentration to secondary-ion intensities. Other 
problems that have hampered quantitation include the generation of a 
multitude of molecular ions in the sputtering process that have masses 
similar to elemental ions thus causing interferences, and interactions 
caused by matrix-composition variations. In addition, although the ion 
beam can be focused to a spot size of a few microns, trace element 
analyses are generally performed with a much larger spot size of 15 to 
30 v™ in diameter (Galbreath, Shearer, Papike, & Shimizu, 1990) . 
Fortunately, some of these problems can be avoided to a certain extent. 
Molecular ion interferences are largely removed from the mass spectra by 
using kinetic energy filtering (Shimizu, Semet, & Allegre, 1978; Shimizu 
4 Hart, 1982), a technique based on the fact that molecular ions have a 
much narrower kinetic energy distribution than atomic ions. The effects 
that matrix variation may have on secondary-ion yields are most commonly
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minimized in trace element analysis by comparing unknowns with standards 
of similar major element chemistry.
Applications of SIMS to mineralogy have been reviewed by Shimizu 
et al. (1978) and Shimizu and Hart (1982). Wiese, Muir, and Fyfe (1990) 
determined the distribution of trace elements in pyrite and marcasite 
and in associated clay minerals of selected Ohio coals. The authors 
found by using ion mapping and point analysis that the iron sulfides 
contain site-specific concentrations of Mn, Co, Ni, Cu, As, and Pb; 
whereas the clay minerals contained V, Cr, As, and Co. Trace element 
distribution was attributed to the micro-environments that existed 
during the sequential formation of the sulfide grains.
Depth profile studies of individual coal fly ash particles by 
Linton, Williams, Evans, and Natusch (1977) indicated significant 
surface enrichments of Pb and T1. Cox, Bryan, and Linton (1987) 
investigated particles from a coal-fired power plant using a digital 
imaging system interfaced to an ion microscope. These researchers 
documented substantial differences among the particles in their relative 
concentrations and/or depth profiles of Ba, Pb, Si, Th, Tl, and U.
Lead, Tl, and U were generally concentrated on particle surfaces.
Other Techniques
Numerous other analysis techniques exist that provide microscopic 
analysis capability, such as electron energy loss spectrometry, laser 
Raman microprobe spectroscopy, and Auger electron spectrometry.
However, their applications to quantitative trace element microanalysis 
are extremely scarce or non-existent.
A technique that only recently has become commercially available 
is laser microprobe mass spectrometry (LAMMS). The LAMMS technique is 
based on the mass spectrometric analysis of ions formed by the 
interaction of the sample with a high power-density pulsed laser beam
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(Van Vaeck, Gijbels, & Fresenius, 1990). The LAMMS technique can detect 
all elements down to '10 ppm (Van Grieken & Xhoffer, 1992).
Unfortunately, development of the quantitative capabilities of the 
technique has been impeded because the theoretical aspects of ion 
formation and behavior in the system are not fully understood.
Mass Balance
Due to the levels of concentration of trace elements, the various 
analytical techniques are being tested to provide lower, and more 
accurate and precise concentrations. As lower detection limits are 
reached, the concentration and fate of trace elements in coal combustion 
or gasification can be determined more accurately.
A straight forward, useful method used to consider the fate of 
trace elements in coal utilization systems is known as mass balance 
(Ratafia-Brown, 1993; Swaine, 1990). A mass balance is used to
determine the portion of the total elemental mass input that is
discharged at each of the emission streams. For a power plant, the
input streams include coal and any additives, sorption material and
process water. The outputs include fly ash, slags, cleaning system 
residues, wastewater, filter sludge and flue gases. Since the 
concentration of the trace elements in coal are often close to the 
detection limits of sampling and analytical instrumentation, along with 
the difficulty of sampling and measuring the vapor species, reliable 
mass balances are difficult to achieve. Also, the heterogeneity of the 
coal and some sorbents presents problems for obtaining accurate trace 
element balances.
Many investigators convert the mass balance results into 
"enrichment ratios" or "relative enrichment factors" to better define 
the general trends in the trace element partitioning behavior (Ratafia-
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Brown, 1993). The formula for the enrichment ratio (Brooks, 1989) is as 
follows:
RERij = [Cjj/Crj] / [CiR/CrR]
where
RERjj = relative enrichment ratio for species i in emissions 
stream j
Cij = concentration of species i in emissions stream j
CiR = concentration of species i in a reference stream R
(typically based on feed coal or feed ash)
Crj = concentration of a reference species r in emissions stream j
CrR = concentration of a reference species r in the reference
stream R  (typically based on feed coal or feed ash).
The RER is used to normalize the concentration of the trace component in 
the fuel feed and a specified emissions steam to the concentration of 
some non-volatile reference species. The selection of the reference 
species from one of the major elements such as Al, Si, Fe or Ti is based 
upon its relatively constant concentration in all ash streams and 
particle size fractions (Ratafia-Brown, 1993). A RER of greater than 1 
indicates that a species is enriched in a particular emission stream 
while a value less than 1 indicates a depletion. This technique 
according to Ratafia-Brown (1993) is very useful in comparing the 
partitioning behavior of different coals which have considerable 
variation in constituent composition.
Maier (1990) completed a mass balance study of As, Cd, Cr, Cu, Hg, 
Ni, Pb, Se, V and Zn for a lignite-fired power plant in Austria. Hg and 
Se had fairly high enrichments in the flue gas stream, while the other 
eight elements were enriched mostly in the fly ash. Cd, Cu, Pb and Zn 
were highly enriched in the ash. Maier (1990) attributes these 
enrichments to the limestone used as the sorbing agent. The closures on
84
this study were very high (98.6% to 101.8%), indicating that measured 
input is equal to measured output.
Mass balance measurements were done by Germani and Zoller (1988) 
for vapor-phase concentrations of As, Se, Br, I and Hg in the stack of a 
coal-fired power plant. They reported that ash is usually enriched in 
Zn, As, Se, Cd and Pb, relative to input coal. Enrichment of these 
elements increases with decreasing particle size. They also noted that 
mass balance calculations of Cl, Br, I, Se and Hg often fail to achieve 
closure, indicating that a portion of these elements are emitted in the 
vapor phase and not collected by their sampling methods.
As, Se and Hg were reported in a mass balance completed by Germani 
and Zoller (1988). The As had a wide range of capture efficiencies in 
the vapor phase (0.7% to 52%). This indicated that the percentage of As 
in the vapor phase is dependent on the in-stack or filter mass loading. 
Se and Hg in the vapor phase were collected in the charcoal filters and 
quantitatively measured. Mass balance calculations had good closures 
(100% and 98%, respectively), and the results were comparable to mass 
balance calculations done previously by Gladney (cited in Germani & 
Zoller, 1988 p.1083).
Beishon et al. (1989) did mass balance calculations for three 
different coals, Markham, Pittsburgh No.8, and Illinois No.6 in a 
gasifier. The concentrations of Cd, Hg and Se were either at or below 
the detection limits for neutron activation analysis (NAA) and so were 
not included in the mass balance calculations, with the exception of Se 
in the Pittsburgh No.8 coal. Beishon et al. (1989) generally had good
closures on the trace elements with a few exceptions (65.2% Cd for the 
Pittsburgh No.8 and 67.3% Mo for the Illinois No.6) for the coals 
analyzed. No gas streams were included in the calculations because the 
concentration levels of the trace elements were too low.
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From the small number of mass balance studies of trace element 
partitioning in coal utilization systems, a general classification 
scheme of the trace elements according to their behaviors was completed 
as shown in Figure 2 (Clarke & Sloss, 1992). The trace elements are 
divided into the three basic groups as described previously with an 
increasing volatility from Group I to Group III.
Summary
The potential problems associated with trace elements include the 
release of substances into the environment that are considered air 
toxics. In order to develop effective technologies to control trace 
element emissions within anticipated regulatory requirements and reduce 
health risks to humans, the type and quantity of trace elements emitted 
from coal combustion and gasification-based systems needs to be 
determined as a function of system, system conditions, and coal 
composition.
The fate of trace elements in coals is closely tied to how the 
trace elements are associated in the coal and the combustion or 
gasification conditions. Trace elements in coals are associated in 
several forms including organic association, such as salts of carboxylic 
acid groups and organic coordination complexes, and mineral 
associations, such as sulfides, sulfates, silicates, phosphates, and 
carbonates. During combustion and gasification, these inorganic 
elements are partitioned into gases, liquids, and solids. The 
transformation of these trace elements into the various states and 
phases depends upon the fundamental characteristics of the elements and 
their association with minerals and coal particles. Minerals that are 
not directly associated with coal particles experience a different 
process environment than minerals that are intimately associated with 
coal particles during gasification.
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The conditions used in combustion and gasification of coal 
influence the partitioning of trace elements between various gases, 
liquids, and solid inorganic components as a function of location in the 
gasifier. In order to predict the form of the inorganic species, it is 
essential that detailed information on the distribution of major mineral 
phases and organically associated inorganic elements be determined.
This information is critical since the transformations and interactions 
during utilization impact the partitioning of trace elements. Modeling 
the transformations using thermochemical equilibrium calculations 
combined with various chemical and physical constraints to reach 
equilibrium can be effectively used to estimate the distribution of gas, 





The following sections deal with the specific analytical methods 
used in this study to determine the trace element concentrations of As, 
Cd, Cr, Pb, Ni, Se, and Hg in the samples. After the trace element 
concentrations were determined, statistical tests were performed 
whenever possible to determine the repeatability and reproducibility of 
the instruments and sample preparation. However, when trace element 
concentrations are determined, the concentrations have a certain amount 
of variation that needs to be accounted for. Also, due to the expense 
of determining trace elements, several tests could not always be 
conducted. Therefore, graphical representations were utilized to 
provide information about the overall process.
Analytical Methodology
Sterile containers were extremely important when analyzing for 
trace amounts of elements. Thus, all of the containers and lids used to 
store samples were acid washed to prevent the samples from being 
contaminated. All of the glassware, plastics, and lids used to store 
samples were washed with soap and rinsed with deionized water. After 
being rinsed, the glassware and lids were soaked in 10% nitric acid 
(HN03) for at least two hours. The glassware and lids were rinsed with 
deionized water and dried in an oven. When the containers and lids were
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completely dry, the lids were placed on the containers and stored until 
used.
The method of dividing the sample was extremely important when 
determining trace elements. A representative sample must be obtained to 
reduce any sources of bias or errors. The samples used were mixed to 
completely homogenize them. The sample is continually split in half 
until the correct sample size was obtained which was prepared to be 
analyzed by one of the following techniques.
Standards Development For XRF
XRF is a nondestructive analytical technique that requires 
accurate and reliable standards for a proper calibration. Currently, 
relatively few coal standards are available which provide all of the 
range of trace element concentrations for the elements of interest (As, 
Cd, Cr, Ni, Se, Hg, and Pb). The XRF techniques (EDXRF and WDXRF) used 
three to four of coal standards (SRM1630, SRM1632a, SRM1632b, SRM1635, 
SARM18, SARM19, and SARM20) for the calibration of trace elements. The 
coals not used to calibrate the XRF were used to determine the 
reproducibility or accuracy of the instrument. These coal standards did 
not provide an adequate concentration range for the seven trace 
elements, so several artificial coal standards were prepared by mixing 
high purity graphite with a certified reference material (Table 9). A 
collodion binder was added to all standards and unknowns in a 5% by 
weight ratio. The sample and binder mixture was pressed into a pellet 




Artificial Trace Element Coal Standards
SRM % Graphite Added SRM % Graphite Added
AGV-1 75 AN-G 75
BE-N 75 BR 75
DR-N 7 DT-N 75
FK-N-A 5 GXR-1 75
GXR-4a 75 GXR-4b 50
MAG-1 75 MRG-1 75
SCo-1 75 SGR-1 75
SGR-2 80 SRM1633A 75
SRM1633AC 50 SRM1633Ad 25
SRM1633-1 75 SRM1633-2 26
UB-N 50
Energy Dispersive X-rav Fluorescence 
Trace analyses were conducted on a Fisons 770 EDXRF equipped with 
a Rh tube to irradiate the sample with secondary x-rays to generate 
characteristic x-rays. Characteristic x-ray intensities were measured 
using a lithium-drifted silicon (Si[Li]) solid-state detector. Next, 
the x-ray intensities were processed with a pulse-height analyzer (PHA), 
and then sorted and stored as a function of energy with a multichannel 
energy analyzer. The system is also equipped with five secondary 
targets to maximize the excitation conditions for specific elements. 
Elemental overlaps and matrix effects are the two major problems that 
must be addressed in quantification of trace elements using EDXRF. The 
EDXRF has limited energy resolution due to interferences from adjacent 
spectral lines of other elements in the sample, which impedes the 
detection of some trace elements in coal (e.g., Pb and As). The matrix 
effects in coal causes a high background which hinders the
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quantification of elements at low concentrations, such as Cd, Se, and 
Hg. The EDXRF used in the study was optimized to analyze for two trace 
elements, Ni and Cr. The EDXRF instrument was not able to detect Hg,
Se, or Cd in the standard coals or the candidate coals due to the low 
concentrations. Pb and As were also not determined, due to peak 
overlaps which could not be resolved due to the low concentrations of 
these elements.
The EDXRF system was operated under various conditions in order to 
maximize the excitation of specific elements (Table 10). A sample was 
analyzed for the trace elements Cr and Ni, and the spectrum acquisition 
time for each condition was 1,000 seconds to give better peak-to- 
background intensities. The Fe secondary target was used to analyze Cr, 
and the Ge secondary target was used to analyze Ni.
The data on both the standards and the samples were processed to 
subtract the artifact peaks, which are the sum and escape peaks from the 
spectrum. The escape peak routine calculated the counts in each channel 
attributed to escape peaks, removed the peaks, and added them back to 
their respective parent peaks. The svim routine was used to eliminate 
the "peaks" which were created when the x-ray photons entered the 
detector too closely together for the electronics to be able to 
differentiate the two signals (i.e., one x-ray was assigned the energy 
of the sum of two x-rays). After the background was subtracted, a 
Gaussian deconvolution technique was used to identify the presence of 
all the elements present in the spectrum. Then the gaussian 
deconvolution technique accounted for peak overlap, variations in line 





Elements kV mA Target Atm Acquire
Analyzed Time (Sec)
Ni 20 0.55 Ge Vacuum 1000
Cr 20 0.60 Fe Vacuum 1000
Note. Atm stands for atmosphere.
The measured analyte net peak intensities from each standard and 
their known concentration were correlated using quadratic polynomial 
equations, using a least-squares method for major and minor elements and 
a ratio least-squares method for trace elements. The least-squares 
calibration fit is performed using the following equation:
Wi = (C3>i) (IJ2 + (C2tl) (Ij) + Clfi
where,
W4 = analyte concentration (weight fraction),
Cji, C2i, C3<i = regression coefficients, and 
It = analyte intensity ratio.
The regression coefficients Ĉ j, C2ii, and C3ii were calculated from each 
analyte independently (i.e., the concentration of each analyte was 
assumed to be a function only of its intensity ratio). The least square 
analysis coefficients were then used to compute the analyte 
concentrations in the unknown sample by comparing the net intensities of 
the unknown to the standards.
Wavelength Dispersive X-rav Fluorescence 
The WDXRF analytical technique is a non-destructive, high 
sensitivity method of determining major, minor, and trace element 
concentrations in a wide variety of samples. Advantages of WDXRF
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include no requirement for chemical preparation of the sample, high 
instrument stability, and high precision. The instrument used was a 
Rigaku 3080 S/MAX sequential x-ray spectrometer with an end-window 
rhodium tube and with sample holders accommodating pressed pellets up to 
30 mm diameter. Spectrometer precision was aided by a temperature 
stabilized vacuum-path analyzing chamber, a flow counter gas density 
stabilizer, and 20 pulse-height analyzer (PHA) .
The instrument was operated at x-ray tube conditions of 50 kV and 
50 Ma, and with the analyzing chamber under vacuum. The PHA was 
operated in the differential mode to aid in reducing element 
interferences. A lithium fluoride (LiF) crystal scintillation counter 
was used to measure x-ray intensities from the sample since it is more 
efficient than the flow counter for elements heavier than Fe.
Calibration of the instrument, which involved obtaining a PHA curve of 
the CuKa line from a brass standard, was performed on a daily basis. If 
necessary, the position of the PHA curve was calibrated by adjusting the 
high voltage of the scintillation counter. Once this procedure was 
completed, the PHA was automatically calibrated for any other element. 
Peak positions for each element were determined by performing a short 
wavelength scan over the appropriate 20 range. A suitable peak position 
and background positions on either side of the main peak free from other 
element interferences were resolved by inspection.
Individual analysis parameters are shown in Table 11. The 
analytical x-ray line preferred for most elements is the Ka or La line. 
Despite the high resolution of a wavelength spectrometer, occasional 
peak overlaps and interferences from other elements occur (e.g., Pb and 
As). The As overlap could not be resolved since the peak which could be 
used had too low an intensity to resolve from the background. For the 
analysis of Pb, the PbLa line, which occurs at 33.93° 20 using a LiF 
analyzing crystal, could not be used due to peak overlaps.
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Interferences from As Ka at 33.98° and BaKa (3rd order) at 33.48° gives 
erroneous intensities depending on the amount of As or Ba present. The 
line chosen, PbLB at 28.25° 20, is relatively free from interferences 
except for a 2nd order SnKa line at 28.29°. Since the Sn values are 
relatively low in the standards, the PbLB was used.
Table 11
WDXRF Analytical Parameters




Ni K LiF 48.670 100 50
Cr K LiF 69.350 100 50
Pb L LiF 28.250 100 50
The WDXRF was calibrated using NIST Standard Reference Materials, 
USGS Rock Standards, and rock standards from other sources. Pressed 
powder pellets were made of standards which spanned the range of trace 
element concentrations normally found in coal. A description of the 
standards is included in the section on EDXRF. The standards were 
analyzed according to the parameters in Table 11, and a curve was fitted 
to the results. Measured net intensities were obtained by counting for 
fixed times on the element peak and background positions located at both 
sides of the main peak. Inter-element matrix corrections were not 
applied to element intensities because the bulk composition of the 
samples consisted of elements much lighter than the trace elements of 
interest, and the standards and unknown samples had similar matrix 
compositions.
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Sample Preparation for AAS and ICP-EAS Techniques
Both hot plate and microwave digestion were used to prepare the 
coal samples for analyses by EAAS, CV-AAS, HG-AAS, and ICP-EAS. These 
digestion procedures are used to convert the carbon matrix into carbon 
dioxide gas (C02) and are discussed in the next two sections.
Coal Microwave Digestion
The manufacturer of the CEM MDS-2100 microwave recommended that 
sample sizes of 100 milligrams (mg) of coal be digested. However, by 
increasing the amount of coal digested to 500 mg, the detection limits 
(DL) were lowered by a factor of 5, and more representative samples were 
obtained.
In order to accommodate a larger sample size, different acid 
combinations and concentrations were required. Sulfuric acid (H2SO,) 
was used in the initial heating step of the digestion procedure to break 
down the carbonaceous matrix of the coal. A series of digestion 
experiments were set up to determine the minimum amount of H2SO, needed, 
while still maintaining proper refluxing. Three mL of H2SO, was 
determined to be sufficient. The next heating step required 3 mL nitric 
acid (HNOj) to convert organic carbon to carbon dioxide. This reaction 
was slow since the microwave digestion was done under pressure in sealed 
Teflon™ vessels. Several heating, cooling, and venting steps were 
needed before the solution was clear and the digestion was complete. 
Cooling the digestion vessels before opening the caps and venting the 
carbon dioxide to prevent loss of certain analytes due to volatilization 
was imperative. Upon complete digestion of the coal, 5 mL of 
hydrochloric acid (HC1) was added to the solution. The HC1 was not used 
to aid in the digestion but as a stabilizer for ionic mercury. The 
solution was then transferred to a volumetric flask and diluted to 50 mL
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with deionized water. The solution was mixed well, filtered through a 
0.45pm filter, and transferred to Teflon™ storage bottles.
Coal Hot Plate Digestion
The coal-to-acid ratio and the types of acids used were the same 
as for microwave digestion. However, the container used in the 
digestion and the method of heating the mixture changed. The flask was 
heated on a hot plate instead of in a microwave, at 440°C to cause the 
vapors formed to condense and be heated again (reflux). The mixture was 
refluxed for several hours until dense white fumes appeared. Then, HN03 
was added in increments of 1 mL, waiting between additions to see if the 
solution clouded up or not. When the solution was clear, no more HN03 
was added and the solution was allowed to cool to room temperature.
Then, deionized water was added to bring the solution to 100 mL. The 
solution was mixed well and filtered through 0.45 pm filter. A method 
blank was prepared with each batch of samples. Also, since the flask 
was not sealed, the hot plate digestion did not work well for elements 
that easily volatilized, i.e., Se, Hg, and possibly Pb.
Inductively Coupled Argon Plasma Spectroscopy
Although quantification limits for most of the trace elements by 
inductively coupled argon plasma spectroscopy (ICP-AES) were higher than 
those by EAAS (Table 12), Cr and Ni were usually present in high enough 
concentrations in the coals for analysis by ICP-AES. The numbers from 
the instrument were in ug/L so few calculations were needed to convert 
the results into ug/g. Since multi-element calibrations were possible 
for ICP-AES, it was an efficient way to screen for the presence of 
elements other than Cr and Ni. If any of the elements being determined 
were below the lower limit of quantification (LLQ) for ICP-AES, they 






Element WDXRF EDXRF EAAS HG-AAS CV-AAS
As - - 30 0.5 - -
Cd - - 1 0.01 - -
Cr 14 18 5 0.5 - -
Hg - - - - - 0.01
Ni 4 20 10 0.5 - -
Pb 7 - 30 0.5 - -
Se - - - 50 0.2 -
Note. A - indicated the elements which were not determined by the 
technique.
The instrument was a Leeman Labs PS1000 sequential inductively 
coupled argon plasma/Echelle spectrophotometer with an integrated 
computer, autosampler, and Hildebrand grid nebulizer for sample 
introduction. The instrument response was checked daily by monitoring 
the emission intensity of a 100 mg/L Ni standard. The instrument was 
calibrated using an aqueous multi-element standard prepared from the 
appropriate acids and reagents, depending on the sample matrix being 
analyzed. It was important to matrix-match the calibration standards 
with samples whenever possible to help reduce interferences.
Wavelengths for each element were chosen by scanning the emission 
spectrum of each sample for spectral overlap and choosing the wavelength 
with the greatest sensitivity and least spectral interference. The most 
common wavelengths and calibration ranges used for the analysis of the
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coal and ash digests are listed in Table 13. After the instrument was 
calibrated, the proper quality assurance/quality control (QA/QC) 
procedures were followed throughout the analysis.
Table 13
Elements fry ICP-AES






Cold Vapor Atomic Absorption Spectroscopy 
All samples requiring Hg determination were analyzed by CV-AAS.
The instrument used was a Leeman Labs PS200 automated mercury analyzer 
equipped with an autosampler capable of running up to 88 samples 
unattended. The standards used to calibrate the instrument were 
prepared from a commercially available 1000 mg/L stock solution made 
from mercuric oxide (HgO). The appropriate dilutions were made using 
dilute (6M) HC1 with the final concentration range for the instrument 
being 0.10-10.0 pg/L. Calibration and QA/QC procedures followed the 
guidelines listed in Table 13. Digested samples were prepared with HC1 
before loading in the autosampler so that the minimum acid concentration 
was greater than 5%. The prepared samples were mixed with a reducing 
agent, either sodium borohydride or stannous chloride to reduce ionic Hg 
to the elemental form. This was done automatically by the instrument 
with a multichannel peristaltic pump that delivered the sample and
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reducing agent to a mixing coil where Hg reduction took place. After 
reduction, the solution was pumped into a liquid-gas separator and 
sparked with nitrogen. The Hg vapor was introduced to an absorption 
cell where the absorbance of Hg vapor at 253.7 nm was used for 
quantification.
The method of CV-AAS allowed for separation of analyte from the 
sample matrix thus minimizing the effects of matrix interferences. 
Additionally, unlike conventional methods of sample introductions 
systems which use nebulizers that routinely transfer only a small 
percentage of the sample for measurement, in CV-AAS Hg vapor is 
quantitatively transferred to a relatively long pathlength absorption 
cell. The long pathlength cell and quantitative transfer of analyte 
allow extremely low detection limits. The lower limit of quantification 
for Hg was calculated to be 0.10 pg/L.
Hydride Generation Atomic Absorption Spectroscopy
Se was determined by HG-AAS using a Varian 1475 Spectra AAS 
equipped with a VGA-76 vapor generation accessory. The specific 
wavelength used to determine the concentration of SE was 196.0 
nanometers (nm). The standards for calibrating the instrument were 
prepared in the same manner as the unknown samples. The calibration 
range was from 0 to 50 pg/L with a LLQ of 0.2 pg/L.
The samples needed to be properly prepared to insure hydride form 
of Se which is Se*4. The sample was prepared by adding a saturate 
solution of potassium permanganate (Kmn04) to oxidize the organically 
bound Se to Se*6 and to destroy organic constituents that may interfere 
with the hydride formation. To prepare the samples, they were heated at 
95°C in capped digestion tubes for 25 minutes and then cooled to room 
temperature. Hydroxylamine sulfate was then added to each test tube to 
reduce the excess Kmn04. Next, concentrated HC1 was added to each tube
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to make the sample 6 molar. Then the sample was heated again for 20 
minutes at 95°C to reduce the Se to Se*4. Once the samples were cooled 
to room temperature, they were ready to analyze by HG-AAS using sodium 
borohydride as the reductant in the VGA-76. The Se hydride was 
decomposed using an electrically heated quartz cell.
Electrothermal Atomic Absorption Spectroscopy
The method of choice for determining As, Cd, and Pb was GF-AAS due 
to the capability of achieving low detection limits. Most of the 
samples generated in this project had trace element concentrations well 
below the detection capabilities of ICP-AES, as listed in Table 12. 
However, for Ni and Cr, the concentration in the coal determined whether 
ICP-AES or EAAS was used. Generally, the samples were run by ICP-AES 
first, and if the concentrations were below the LLQ, the samples were 
reanalyzed by EAAS.
A Perkin Elmer 5100 AA spectrophotometer with an HGA 600 furnace 
and AS-60 autosampler was used. This analytical technique utilized a 
temperature program that took an aqueous sample through a series of 
drying, ashing and atomization steps before detection using atomic 
absorption. The sample was dried and ashed before atomization to drive 
off the elements in the matrix other than the analyte of interest. To 
ensure that the analyte being determined was not lost during the ashing 
step, chemical modifiers are typically used to raise the atomization 
temperature of the analyte. When analyzing for trace elements by EAAS, 
most matrix interferences were eliminated with the proper furnace 
program and chemical modification. Nonspecific absorbance during 
atomization was also reduced by applying a Zeeman effect background 
correction. Table 14 lists the elements determined by EAAS along with 
their respective furnace parameters and the LLQ for each element.
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Table 14









As 193.7 1300 2300 Pd/Mg (N03) 2
Cd 228.8 900 1600 (NH4)3P04/
Mg(N03)2
Cr 357.9 1650 2500 Mg(N03)2
Pb 283.3 850 1800 (NH4)H3P04/
Mg (N03) 2
Ni 332.0 1400 2500 Mg(N03)2
Chemical fractipnatiga
A selective leaching process on coal known as chemical 
fractionation was used to determine the distribution of elements within 
the organic and mineral phases in coal. The technique is based on 
solubility differences of the coal constituents in three separate, 
stirred, solutions: deionized water, 1 M ammonium acetate (NH4OAc), and 
1 M HCl. A representative 140 gram sample of coal is ground to 80% -200 
mesh and vacuum dried to constant weight. A 35 gram portion of coal was 
removed and designated as CF1, unleached coal. An aliquot of coal is 
analyzed for ash content [American Standard Test Method (ASTM) D 3174]. 
Another portion was ashed at 500°C, pressed into a pellet, and analyzed 
by energy-dispersive x-ray fluorescence spectrometry (EDXRF) for the 
major and minor elements. The remainder of the raw coal in CF1 was 
analyzed for trace elements by EDXRF, wavelength-dispersive x-ray 
fluorescence spectrometry (WDXRF), neutron activation analysis (NAA), 
atomic absorption (AA), and/or inductively coupled plasma atomic 
emission spectrometry (ICP-AES).
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The 105 grams of the coal remaining are subjected to successive 
extraction treatments. The first extraction treatment utilized a 4:1 
deionized water to coal ratio by weight and was stirred in a cover 
Nalgene™ beaker at room temperature for 24 hours. The slurry was 
vacuum filtered and rinsed with deionized water. The residue was dried 
and then weighed. Thirty-five grams of the coal residue was removed and 
designated CF2, after the water extraction. The filtrate was acidified 
to a pH <1 with subsequent determination of elemental concentrations.
One M ammonium acetate was added to the remaining 70 grams of coal 
residue in a 4:1 ratio of weight to volume. The slurry was stirred and 
heated at 70°C for 24 hours. The slurry was then vacuum filtered, 
rinsed with deionized water, dried, and weighed. The filtrate was 
acidified to a pH <1 as before and saved. The 1 M ammonium acetate 
extraction procedure was repeated twice, and the filtrates from the 
three extractions were combined for subsequent analyses. Thirty-five 
grams of residue coal was removed and designated CF3, after the ammonium 
acetate extraction.
To the remaining coal residue, 4 mL of 1 M hydrochloric acid per 
gram of coal was added. The slurry was stirred and heated at 70°C for 
24 hours. The slurry was then vacuum filtered, rinsed with deionized 
water, dried, and weighed, and then the filtrate was saved. The 1 M 
hydrochloric acid extraction procedure was repeated once. The filtrates 
from the two extractions were combined and stored for subsequent 
analysis. The 35 grams of residual coal was labeled CF4, after the 
hydrochloric acid extraction.
From each of the three residues, CF2, CF3, and CF4, an aliquot was 
analyzed for ash content using ASTM D 3174. Another portion of the 
unashed residue was prepared for analyses by WDXRF, EDXRF, and/or NAA 
for trace elements. The remaining residue was ashed at 500°C and 
analyzed by EDXRF for major, minor, and trace elements concentrations
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for each of the fractions. The three leachates from CF2, CF3 and CF4 
were analyzed by ICP-AES, AA, and/or NAA for determination of the trace 
element concentrations. The chemical data and ash contents for the 
original unleached coal and residues were utilized in mass balance 
calculations, using silicon as a tracer, to determine the elemental 
losses relative to the original unfractionated coal.
The elements removed by HzO are primarily associated with water- 
soluble minerals (e.g., halite, thenardite). Exchangeable ions, 
principally elements associated with salts of organic acids, are removed 
by NH4OAc. HCl removes elements associated with acid-soluble minerals 
(e.g., calcite, dolomite, siderite) and organic coordination complexes. 
Elements remaining in the final residue are presumably associated with 
insoluble minerals (e.g., clays, quartz, and pyrite). After the 
elemental composition of the four fractions were determined, a mass 
balance was completed using silicon as a tracer. The results from the 
mass balance indicate the percentage of the elements leached by the 
three extraction solutions, as well as the percentage of the remaining 
elements which the extracts were unable to leach. From this percentage 
of major and minor elements, associations of the elements may be 
inferred.
The calculations for the major and minor chemical analysis data 
were normalized and converted to elemental weight percent as follows:
Ej = Oi x ( 1 0 0 / T )  x  ( A / 1 0 0 )  x  F
where:
Ei = normalized elemental weight percent for element J (J = Na,
Mg, Al, Si, P, K, Ca, Ti, and Fe) ,
O i = oxide weight percent for element X, (Si02, A1203, Na20, MgO, 
P2Os, K20, CaO, Ti02, and Fe203) .
T  =  total oxide weight percent,
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A  = ash content in weight percent,
F  = gravimetric factor for converting to elemental weight 
percent.




Ri = percent loss of element I relative to the original coal,
r C
E t = the normalized elemental weight percent of element I in 
the original unfractionated coal
E f  = the normalized elemental weight percent of element I in 
the coal residue.
The trace elemental losses using the residues from each extraction are 
calculated as follows:
(Er) (W,) - (Et) (Wr)
____________________________ x  1 0 0 %
(E2) (Wr)
where:
E R = trace element concentration in raw coal,
W s = weight in grams (g) of the residue I  (I = unleached, water, 
ammonium acetate weight),
E r = trace element concentration in residue r (r = water, ammonium 
acetate, hydrochloric acid),
W T = weight in g of the residue immediately following residue I. 
The trace elemental losses using the leachates from each extraction are 
calculated as follows:
(Ei) (V)
_________________ x 1 0 0 %
(Er) ( W J
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where:
.Ej = trace element concentration in leachate (1 = water, ammonium 
acetate, hydrochloric acid),
V  = total volume of the leachate,
E„ = trace element concentration in raw coal,
Wj = weight in g of the residue J (J = unleached, water, ammonium 
acetate weight),
Statistical Methodology
For this study, two XRF techniques, EDXRF and WDXRF, were used. 
Three AAS techniques, EAAS, HG-AAS, and CV-AAS were also used and ICP- 
AES was used as a screening technique. Due to the small sample size, 
spectral interferences, resolution, and concentration levels, not all of 
the techniques could be used to analyze all seven trace elements. The 
two XRF techniques could not be used to determine the concentrations of 
Se, Cd, or Hg, since the concentrations of these elements were generally 
below the detection limits of these instruments. Neither of the two XRF 
techniques could be utilized to determine the As concentration due to 
the spectral interferences and the low concentrations in the samples.
The EDXRF could not be used to determine the Pb concentration in the 
samples due to low concentration, spectral overlaps, and poor 
resolution. However, due to better resolution, a Pb calibration was 
determined for the WDXRF system for samples that had greater than 7 ppm 
Pb (Table 12). Both EDXRF and WDXRF were optimized to measure the 
concentration of Cr and Ni.
The ICP-AES was used mainly as a screening technique because the 
lower limit of detection (LLD) was much higher than the AAS techniques. 
Therefore, no results from the ICP-AEA are presented. EAAS was employed 
to determine the concentration of As, Cd, Cr, Ni, and Pb in the samples,
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while HG-AAS was used for Se and CV-AAS for Hg. When a numerical 
concentration of an element was determined, the lower limit of 
quantification (LLQ) was used in this study. The LLQ was used since it 
is typically an order of magnitude higher than the LLD for any 
particular technique. The LLQ for the techniques used are shown in 
Table 12. NAA was used only for the determination of the residue and 
filtrates of the chemical fractionation results. Due to the cost, turn­
around time for the results, and the questionable results obtained, NAA 
was not used for the determination of trace elements in other coals or 
fly ashes. Therefore, the remainder of the discussion of trace element 
determination was primarily limited to the XRF and AAS techniques.
When such different techniques are compared, the number of 
variables increases along with the cost and difficulty of comparing such 
different techniques (Swaine, 1990). In order to compare the 
techniques, the techniques must produce repeatable and reproducible 
results. A technique can provide repeatable results that are not 
reproducible, reproducible results that are not repeatable, or neither 
repeatable or reproducible results. Thus, both issues, repeatability 
and reproducibility must be addressed when trying to determine trace 
element concentrations.
In this study, control charts were used to determine the 
repeatability of a technique. The control charts provided overall 
information about each technique and provided a method of visually 
comparing the techniques. The major objective of using a control chart 
is to determine if the analytical system is in control (i.e., that there 
are no sources of bias or assignable errors due to the imprecision of 
the technique and sometimes the reproducibility). Typically, after 15 
to 20 results for the same standard or sample are obtained, a control 
chart can be developed. The mean and standard derivation are determined 
for the check standards. If at least 15 check standards are used, the
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confidence limits can be determined by using ±2s and ±3s. The "upper 
and lower control limits," or UCL and LCL, correspond to the ±3s lines, 
while the "warning limits," or UWL and LWL, are represented by ±2s.
Once the control is completed, the analyst can easily determine when the 
system was "out of control." The ±2s and ±3s are both used because 1 
out of 20 points normally falls above ±2s but below ±3s. Because this 
occurrence is still within the 99 percentiles, the process is not 
considered out of control.
Another value of using the control charts lies in the ability to 
quickly see trends which result in the system going out of control if 
not corrected. Once a trend is noticed, the analyst can take 
appropriate steps to correct the system. The probability for 1 point to 
lie on either side of the mean is H, so the probability of 5 points 
falling on the same side is 1/32 or 0.03. Therefore, if 5 or more 
consecutive points are on the same side of the mean, the probability of 
this occurrence is very slight. Hence, a bias may exist on the 
technique that needs to be corrected. If any point falls outside the 
UCL or LCL lines, the analytical system should be closely scrutinized to 
determine a possible source of bias in the process or the instrument may 
need to be restandardization. In this study, the control charts were 
used more as a visual aid to determine when a technique was out of 
control and for which particular elements. Then, statistical tests were 
used to help determine possible sources of error or bias.
Test Matrix
A test matrix was set up to provide information about the 
repeatability of the sample preparation and the instrumentation for the 
two XRF techniques (Table 15). A sample of Pittsburgh No.8 coal was 
split into 12 vials, each containing 2 g of sample with each having a
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unique sample number. The vials were then submitted to the two 
different labs, six for Laboratory A and six for Laboratory B, to be 
prepared into pellets for XRF analysis. The 12 pellets were then 
analyzed by WDXRF.
On day 1, the 12 pellets were analyzed using WDXRF, then removed 
from the instrument and stored in a vacuum desiccator. The data were 
reduced, and concentration for Ni, Pb, and Cr were determined. This 
process was repeated for six days, providing six WDXRF results for each 
of the 12 pellets, and resulting in a 6 X 6 matrix for each lab (Table 
15). Then the 12 pellets were submitted for analyses by EDXRF to be 
tested in a similar test matrix; the pellets were all analyzed, then 
removed and stored. However, due to instrumentation problems with the 
EDXRF and the deterioration of one of the pellets, the test matrix for 
the EDXRF was not as complete as the WDXRF matrix.
The test matrix for the AAS techniques was similar to the test 
matrix for the XRF techniques, except that the samples were typically 
analyzed three to six times. Two different AAS sample preparation 
techniques, the hot plate and microwave digestion, were tested for 
repeatability. The coal samples used in the test matrix were Illinois 
No.6, Sufco, and SRM 1635.
For the reproducibility of the techniques, standard reference 
materials were used. The samples were prepared, analyzed, and a 
comparison of the mean elemental instrument concentration for coal and 
fly ash standards to the accepted concentration was completed for the 
XRF techniques. The AAS techniques were used to determine the 
concentration of only one standard reference material, SRM1635. 
Therefore, a control chart was utilized to provide a visual 
determination of the reproducibility of the techniques. For INNA, two 
standard coal reference materials (SRM 1632A and SRM 1632) were used to 
determine the accuracy of the analytical technique.
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Table 15
Test Matrix for Repeatability for each Element for Sample Preparation
and Instrument
Laboratory
Element Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6
Prep 1 X ppm X ppm X ppm X ppm X ppm X ppm
Prep 2 X ppm X ppm X ppm X ppm X ppm X ppm
Prep 3 X ppm X ppm X ppm X ppm X ppm X ppm
Prep 4 X ppm X ppm X ppm X ppm X ppm X ppm
Prep 5 X ppm X ppm X ppm X ppm X ppm X ppm
Prep 6 X ppm X ppm X ppm X ppm X ppm X ppm
A chemical fractionation was performed on the raw coal samples of 
Illinois No.6 and Sufco to determine the trace concentrations using 
EDXRF, WDXRF, AAS, and NAA. Thus, a graphical comparison of the 
results from EDXRF, WDXRF, AAS, and NAA of these coal and the leachates 
where possible was done. The comparison was used to indicate which 
techniques provide similar and dissimilar results, and for which 
elements. However, because only two samples were analyzed by the 4 




For this study, the techniques primarily used were two XRF 
techniques, EDXRF and WDXRF, and three AAS techniques, EAAS, HG-AAS, and 
CV-AAS. When different techniques are compared, the cost and number of 
variables encountered increases. When using the data produced from a 
technique, one must know if the technique can produce repeatable and 
reproducible results. A technique can provide repeatable results that 
are not reproducible, reproducible results that are not repeatable, or 
neither. Thus, both issues, repeatability and reproducibility, were 
addressed in this study when trying to determine the trace element 
concentrations in coal. The issue of repeatability was addressed first, 
and reproducibility was addressed second. The final issue to be dealt 
with was a comparison of the techniques using two chemical 
fractionations.
To determine the repeatability of a technique, control charts were 
used. The control charts provided general information about each 
technique and provided a similar method of visually comparing the 
techniques. The major objective of using a control chart is to 
determine if the analytical process is in control (i.e., that there are 
no sources of bias or assignable errors due to the imprecision of the
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overall analysis and occasionally the accuracy). Typically, once 15 to 
20 check standards are analyzed, a control chart can be developed. The 
means and standard deviations are determined for the check standards.
If at least 15 check standards are used, the confidence limits can be 
determined by using ±2 STD and ±3 STD. The "upper and lower control 
limits," or UCL and LCL, correspond to the ±3 STD lines, while the 
"warning limits," or UWL and LWL, are represented by ±2 STD. Once the 
control chart is completed, the analyst can easily determine when the 
system is out of control. However, another value of using the control 
charts is the ability to quickly see trends which may indicate a 
potential of the process to go out of control if not corrected. Once a 
trend is noticed, the analyst can take appropriate steps to correct the 
process.
If 5 or more consecutive points are on the same side of the mean, 
a possible source of bias or error in the technique exists that need to 
be corrected. However, if any point falls outside the UCL or LCL lines, 
the analytical process needs close scrutiny to determine a possible 
source of bias, or the instrument may need to be recalibrated. In this 
study, the control charts were used primarily as a visual aid to 
determine when a technique was out of control and for which particular 
elements. Then, statistical tests were used where possible to help 
determine possible sources of error or bias.
Repeatability
In order to determine the repeatability of the elemental 
concentrations, factors such as sampling, sample preparation, and 
instrumentation must be considered. For this study, only sample 
preparation and the instrumentation were considered since there was no 
control over the samples received. To test the sample preparation
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technique, the samples were usually prepared six different times. To 
test the instrumentation, each sample preparation was analyzed by the 
instrument from three to six times.
Completely different sample preparation techniques were used for 
the XRF and AAS techniques. For the XRF technique, the sample 
preparation is nondestructive and was completed by two different 
laboratories to check for repeatability between laboratories. For the 
AAS techniques, often termed wet chemistry techniques, sample 
preparation involved different digestion procedures, either hot plate or 
microwave digestion. These two digestion procedures were tested for 
repeatability.
Wavelength Dispersive X-rav Fluorescence 
A test matrix was developed to provide information about the 
repeatability of the sample preparation and of the instrumentation for 
the two XRF techniques. A sample of Pittsburgh No. 8 coal was split 
into 12 vials, each containing 2 g of sample and each having a unique 
sample number. The vials were then submitted to two different 
laboratories to be prepared into pellets for XRF analysis. Six of the 
vials were submitted to Laboratory A, the other six to Laboratory B.
The 12 pellets were analyzed by WDXRF and EDXRF.
On day 1, the 12 pellets were analyzed using WDXRF, then removed 
from the instrument and stored in a vacuum desiccator. The data was 
reduced and concentrations for Ni, Pb, and Cr were determined. This 
process was repeated for the next five days, providing six trials of 
WDXRF results for each of the 12 pellets. This resulted in a 6 X 6 
matrix for each element for each laboratory (Table 15).
The WDXRF results for Cr, Ni, and Pb from the two laboratories 
were plotted in control charts (Figures 3-8) . The data were plotted 
using trials 1-6 for the first pellet, trials 1-6 for the second, and so
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on until the final pellet. The Cr control charts for the two 
laboratories, Figures 3 and 4, have no noticeable trends or outliers. 
However, the WDXRF Ni control charts showed some trends indicating that 
for Laboratory A, the Ni results tended to be low in the first portion 
of the testing and high in the second portion. This trend may have 
indicated a sample preparation problem or possible sample preparation 
problems due to the association of Ni in the coal. From Figure 6, 
Laboratory A control chart shows that there was a definite bias or 
error. Due to the clumping of the points in multiples of six, the 
problem was probably due to the sample preparation done by Laboratory B 
and not due to the instrument readings. The control charts for Pb, 
Figures 7 and 8, indicated that the sample preparations for both 
laboratories were out of control due to the clumping of consecutive 
points above the means. Since both laboratories had problems, the mode 
of occurrence for Pb in the coal may have been caused a variation in the 
sample preparation.
Since three of the six control charts indicated that there was an 
error or bias involved in determining the concentration of Ni or Pb, an 
analysis of variance was performed for the elements to determine if the 
error was due to the sample preparation or the instrumentation. First, 
the data for the two laboratories were combined to answer two questions: 
(a) Is there a difference in the overall elemental means of the twelve 
pellets? and (b) Is there a difference in the elemental concentration 
means for the six trials for each pellet? If there is a difference in 
the pellet means, then the sample preparation is not done consistently. 
If there is a difference in the means of the six trials, there was a 
problem with the WDXRF calibration.
The control charts showed a problem in the sample preparation for 
Laboratory B, so a t-test was completed on the data as shown in Table 
16. Table 16 indicates that the variance between the pellets from the
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two laboratories is significantly different for both Ni and Pb. Both 
laboratories also show a significant difference in the mean 
concentrations for all three of the elements analyzed.
Table 16
Comparison of the Means for the Elemental Results for Two Laboratories 
on Pittsburgh No. 8 Using WDXRF
Element
Mean Concentration ± 1 STD Variance Means
£ ■Laboratory A Laboratory B £
Cr 24.7 ± 0.50 24.3 ± 0.63 1.62 3.21*
(n=36) (n=36)
Ni 32.8 ±0.37 28.6 ± 1.41 14.92* 17.58*
(n=36) (n=36)
Pb 7.4 ±0.45 5.7 ± 0.73 2.61* 11.61*
(n=36) (n=36)
Note. When the F value was significant at the 0.05 level, the t value
for unequal variances was used.
*E<0.01
Since the two laboratories showed a difference in the mean 
concentrations for all of the elements analyzed, an analysis of variance 
was performed on the individual laboratories to determine if there were 
differences between the sample preparation and/or the instrument 
readings of the pellets for the three elements (Table 17). The sample 
preparation was significantly different for the three elements, but the 
instrumentation did not show significant differences.
Due to the differences in sample preparation, a comparison of the 
sample preparation for the individual laboratories was performed (Table
114
18). This indicated that Laboratory A did not show any significant 
differences in the sample preparation for any of the elements. However, 
Laboratory B showed a significant difference for all three elements.
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Trials
_ Mean ±2 STD _  ±3 STD
Figure 3. Cr control chart for Laboratory A using WDXRF on Pittsburgh 
No. 8 coal.
Trials
_  Mean .. ±2 STD _  ±3 STD




_ Mean -- ±2 STD _  ±3 STD
Figure 5. Ni control chart for Laboratory A  using WDXRF on Pittsburgh 
No. 8 coal.
Trials
_Mean ±2 STD _  ±3 STD
Figure 6. Ni control chart for Laboratory B using WDXRF on Pittsburgh
No. 8 coal.
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_Mean -. ±2 STD —  ±3 STD
Figure 7. Pb control chart for Laboratory A using WDXRF on Pittsburgh 
No. 8 coal.
Trials
—  Mean .. ±2 STD -- ata D _  ±3 STD
Figure 8. Pb control chart for Laboratory B using WDXRF on Pittsburgh
No. 8 coal.
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Analysis of Variance for the Overall Sample Preparation and 
Instrumentation on Pittsburgh No. 8 Using WPXRF
Table 17
Source of Variation df SS R2 MS £
Sample Preparation
Cr 11 8.75 0.33 0.796 2.76*
Within 60 17.28 0.288
Total 71 26.04
Ni 11 395.77 0.98 35.979 240.22**
Within 60 8.99 0.150
Total 71 404.76
Pb 11 63.06 0.83 5.732 26.86**
Within 60 12.8 0.213
Total 71 75.86
Instrumentation
Cr 5 1.97 0.08 0.394 1.08
Within 66 24.07 0.365
Total 71 26.04
Ni 5 1.28 0.00 0.256 0.04
Within 66 403.47 6.113
Total 71 404.76
Pb 5 0.93 0.01 0.187 0.16
Within 66 74.93 1.135
Total 71 75.86
* £ <  0.01 * * £ <  0.001
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Table 18
Analvsis of Variance on the Sample Preparation of Two Laboratories on
Pittsburgh No. 8 Coal Using_HDXR£
Source of Variation df ss R2 MS £
Laboratory A
Cr 5 0.97 0.11 0.193 0.76
Within 30 7.68 0.256
Total 35 8.65
Ni 5 0.69 0.15 0.138 1.04
Within 30 4.00 0.133
Total 35 4.70
Pb 5 1.80 0.25 0.361 2.02
Within 30 5.37 0.179
Total 35 7.17
Laboratory B
Cr 5 4.44 0.32 0.889 2.78*
Within 30 9.60 0.320
Total 35 14.05
Ni 5 65.09 0.93 13.02 78.37**
Within 30 4.98 0.166
Total 35 70.07
Pb 5 11.32 0.60 2.264 9.14**
Within 30 7.43 0.248
Total 35 18.76
*£< 0.05 **£< 0.001
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The major differences encountered were due to the sample 
preparation and not the instrumentation. Thus, one of the main concerns 
that needs to be addressed when using WDXRF was the sample preparation.
A simple and quick test was done to determine if the grinding time or 
grinding media affected the concentrations of Ni, Cr, or Pb as 
determined by the WDXRF. Absaloka coal was used for this test, with 12 
2 g samples prepared. The results, shown in Table 19, indicated that 
the concentrations vary with the grinding time, however, the 
concentrations did not vary consistently. The difference between the 
maximum and minimum value was less when alcohol was used as the grinding 
medium than when no grinding medium was used. The data collected was 
not adequate to provide a strong indication of the effect of the 
grinding time and media. However, an analysis of variance, which was 
completed on the data, provided an indication of possible trends (Table 
20). The results showed that neither the grinding time nor the grinding 
media produce a significant difference. More tests and a more extensive 
experimental matrix, which provides multiple trials and instrument 
readings, needs to be performed to provide more definite results and 
trends.
Energy Dispersive X-rav Fluorescence 
Pittsburgh No. 8 pellets were also prepared by the same two 
laboratories, and a sample matrix similar to the one used for WDXRF was 
performed to test the repeatability of the EDXRF instrumentation and the 
sample preparation. However, the test matrix was not completed due to 
problems encountered with the instrument and the deterioration of one 
pellet prepared by Laboratory A which could not be analyzed.
Since calibration of the EDXRF could only be performed for Cr and 
Ni, the control charts for Laboratories A and B for Cr and Ni were
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Cr, ppm Ni, ppm Pb, ppm
5 None 4.86 2.99 7.17
10 None 4.83 2.64 6.77
15 None 5.10 2.64 6.26
20 None 4.81 1.93 7.05
25 None 3.91 1.45 5.68
30 None 4.99 1.49 5.6
Average 4.75 2.19 6.42
Max - Min 1.19 1.54 1.57
5 Alcohol 4.64 2.28 4.99
10 Alcohol 4.53 2.45 6.19
15 Alcohol 4.45 1.84 6.36
20 Alcohol 4.38 2.94 6.38
25 Alcohol 4.20 2.16 5.82
30 Alcohol 4.08 2.13 6.30
Average 4.38 2.69 6.01
Max - Min 0.56 1.10 1.57
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Analysis of Variance on the Grinding Times and Grinding Medium 
on Absaloka Coal Usino WDXRF
Table 20
Source of Variation df SS R2 MS I
Grinding Medium 
Cr 1 0.411 0.267 0.411 3.65
Within 10 1.125 0.113
Total 11 1.536
Ni 1 0.036 0.013 0.036 0.13
Within 10 2.842 0.284
Total 11 2.879
Pb 1 0.517 0.120 0.517 1.37
Within 10 3.780 0.380
Total 11 4.296
Grinding Time 
Cr 5 0.707 0.460 0.141 1.02
Within 6 0.829 0.138
Total 11 1.536
Ni 5 1.322 0.459 0.264 0.48
Within 6 1.557 0.260
Total 11 2.879
Pb 5 1.268 0295 0.254 0.50
Within 6 3.029 0.505
Total 11 4.296
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produced (Figures 9-12). Figures 9 and 11 show the results for 
Laboratory A on Cr and Ni, respectively. These control charts do not 
show any trends that would be of concern to the analyst. However, the 
Cr and Ni control charts (Figure 10 and 12) for Laboratory B show that 
the process is out of control since there are six and eight consecutive 
points, respectively, above the mean about midway through the process 
for both elements. Since only the control charts from Laboratory B were 
out of control, the major cause for this was probably not due to the 
instrument but due to the sample preparation.
To test this hypothesis, a t-test was done to determine if there 
was a difference in laboratories due to one or both of the elements 
analyzed (Table 21). The variance in the pellets from laboratory to 
laboratory did not vary significantly, but the mean concentration values 
of both Cr and Ni were significantly different. This indicated that the 
two laboratories produced significantly different samples, but does not 
indicate whether this is due to the instrument or the sample 
preparation. Another analysis of variance was performed (Table 22) to 
test the sample preparation of the two laboratories and the 
instrumentation. The sample preparation for the two laboratories caused 
significant differences in the elemental results for both Cr and Ni.
The results for the instrumentation did not show significant 
differences.
Therefore, a comparison of the sample preparation for the 
individual laboratories was completed to see if there were significant 
differences in the pellets within a laboratory (Table 23). Neither 
laboratory showed a significant difference in the concentration of Cr 
from pellet to pellet, however, there was a significant difference in
the amount of Ni for both laboratories.
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Trials
_Mean .. ±2 STD —  ±3 STD
Figure 9. Cr control chart for Laboratory A using EDXRF on Pittsburgh 
No. 8 coal.
_  Mean .. ±2 STD _  ±3 STD




_  Mean .. ±2 STD —  ±3 STD
Figure 11. Ni control chart for Laboratory A using EDXRF on Pittsburgh 
No. 8 coal.
A 1 A 2 A 3 A 4 A 5 B 1 B 2 B 3 B 4 B S C 1 C 2 C 3 C 4 C 5 D 1 D 2 D 3 D 4 D 6 E 1 E 2 E 3 E 4 E S F 1 F 2 F 3 F 4 R
Trials
_  Mean .. ±2 STD _  ±3 STD
Figure 12. Ni control chart for Laboratory B using EDXRF on Pittsburgh
No. 8 coal.
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The EDXRF results showed that the instrument produced repeatable 
results for both Ni and Cr, but that the sample preparation caused the 
variability seen in the control charts. The results also indicated that 
each laboratory could produce repeatable results for Cr but not for Ni.
Table 21
Comparison of the Means for the Elemental Results for Two Laboratories 
on Pittsburgh No. 8 Coal Using EDXRF
Element
Mean Concentration ± 1 STD 





Cr 27.4 ± 1.97 24.5 ± 1.82 1.17 6.18*
(n=36) (n=30)




Two different sample preparation procedures were used to digest 
three coals, SRM1635, Illinois No. 6, and Sufco. One of the digestion 
procedures is termed hot plate digestion, and the second is termed 
microwave digestion. Both digestion methods used the same acid mixture. 
The hot plate digestion was performed by heating a volumetric flask that 
was not sealed, while the microwave digestion was performed in a 
microwave oven with a sample vessel that is completely sealed. Once the 
coals were completely digested, the trace element concentrations were 
determined by AAS techniques as follows: (a) As, Cd, Cr, Ni, and Pb by 
EAAS, (b) Se by HG-AAS, and (c) Hg by CV-AAS. Due to the small amount
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Analysis of Variance for the Overall Sample Preparation and 
Instrumentation on Pittsburgh No. 8 Coal Using EDXRF
Table 22
Source of Variation df SS R2 MS £
Sample Preparation
Cr 11 174.84 0.47 15.894 4.38*
Within 54 195.78 3.625
Total 65 370.61
Ni 10 303.94 0.80 30.394 16.71*
Within 43 78.23 1.819
Total 53 382.18
Instrumentation
Cr 5 24.31 0.07 4.868 0.84
Within 60 346.30 5.772
Total 65 370.61
Ni 5 70.37 0.18 14.073 2.17





on Pittsburgh No. 8 Using EDXRF
Source of Variation df SS R2 MS £
Laboratory A
Cr 5 22.90 0.17 4.580 1.22
Within 30 112.89 3.763
Total 35 135.79
Ni 4 41.18 0.49 10.294 6.06**
Within 25 42.45 1.698
Total 29 83.63
Laboratory B
Cr 5 21.71 0.27 4.342 1.33
Within 18 58.92 3.274
Total 23 80.63
Ni 5 36.74 0.43 7.347 3.62*




of sample, Hg was not always determined. In order to test the sample 
preparation and instrument repeatability, six different coal digestions 
were completed. For each digestion, the elements were analyzed by the 
AAS techniques at least three and up to six times. The coals used to 
test the repeatability of both sample preparation techniques were 
Illinois No. 6, Sufco, and SRM1635. A Pittsburgh No. 8 coal was also 
done using a microwave digestion (Appendix B).
Control charts were produced to compare the hot plate digestions 
to the microwave digestions. Both digestion methods were repeated six 
times and six of the elements were analyzed in triplicate by AAS, except 
for the microwave digestions of As which was analyzed six times by AAS. 
The control charts for the hot plate and microwave digestions of SRM1635 
for As, Cd, Cr, Ni, Pb, and Se are shown in Figures 13 through 24. The 
control charts for As (Figures 13 and 14) showed that the process was 
out of control for the microwave digestion, and the hot plate digestion 
was in control but showed an increase in concentration at the end of the 
test period. The hot plate digestions for As showed a slightly higher 
mean concentration than the microwave digestion process. The Cd control 
chart (Figure 16) showed that the process was out of control for the 
microwave digestion. The Cd hot plate digestion control chart (Figure 
15) was not out of control but showed clumping of the 3 values for the 
individual sample preparations. The last reading for the fourth hot 
plate digestion showed the greatest variance for the instrumentation 
indicating a possible problem with the instrument.
Figures 17 and 18 show the results for Cr from the two digestion 
methods with the mean concentrations being approximately equal. Due to 
the distinct grouping of the three points for both digestion methods, a 
clear distinction was seen between the different digestions. This was 
especially true for the hot plate digestion. Neither of the Cr control 
charts would be considered out of control, but both showed that the
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A 1 A 2 A 3 B 1 B 2 B 3 C 1 C 2 C 3 D 1 D 2 D 3 E 1 E 2 E 3 F 1 F 2 F 3
Trials
__ Mean - - ±2 STD _  ±3 STD
Figure 13. As control chart for hot plate digestion using EAAS on 
SRM1635 coal.
A1A2A3A4A5B1 B2B3B4 B5C1C2C3C4CSD1 D2D3D4 D5 El E2 E3 E4 E5 FI F2F3F4 FS
Trials
_  Mean . - ±2 STD _  ±3 STD
Figure 14. As control chart for microwave digestion using EAAS on
SRM1635 coal.
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A I A  2 A 3  B I B 2 B 3  C l  C Z  C 3  D l  0 2  0 3  E l  E 2  E 3  F I  F 2  F 3
Trials
_Mean - - ±2 STD _  ±3 STD
Figure 15. Cd control chart for hot plate digestion using EAAS on 
SRM1635 coal.
Trials
__ Mean .. ±2 STD _  ±3 STD
Figure 16. Cd control chart for microwave digestion using EAAS on
SRM1635 coal.
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Figure 17. Cr control chart for hot plate digestion using EAAS on 
SRM1635 coal.
_  Mean - - ±2 STD _  ±3 STD
Figure 18. Cr control chart for microwave digestion using EAAS on
SRM1635 coal.
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_  Mean .. ±2 STD _  ±3 STD
Figure 19. Pb control chart for hot plate digestion using EAAS on 
SRM1635 coal.
Figure 20. Pb control chart for microwave digestion using EAAS on
SRM1635 coal.
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_  Mean - - ±2 STD _  ±3 STD
Figure 21. Ni control chart for hot plate digestion using EAAS on 
SRM1635 coal.
AI A2 A3 B1 B2 B3 Cl C2 C3 D1 D2 D3 El E2 E3
Trials
_  Mean - - ±2 STD _  ±3 STD
Figure 22. Ni control chart for microwave digestion using EAAS on
SRM1635 coal.
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_Mean - - ±2 STD _  ±3 STD
Figure 23. Se control chart for hot plate digestion using HG-AAS on 
SRM1635 coal.
_  Mean . - ±2 STD _  ±3 STD
Figure 24. Se control chart for microwave digestion using HG-AAS on
SRM1635 coal.
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concentrations from the instrument vary less than the concentrations due 
to the digestion process.
Neither of the Pb control charts (Figures 19 and 20) were out of 
control, but both showed a distinct clumping of 3 readings for each 
digestion trial. The hot plate digestion method showed a greater 
variability in the Pb readings than the microwave digestion. The hot 
plate digestion also gave a higher mean concentration of Pb than the 
microwave digestion for the SRM1635 coal.
Figures 21 and 22 show the results for Ni. The control chart for 
the hot plate digestion of Ni showed that the process was out of control 
due to the number of test points below the mean at the beginning and end 
of the test. Using the control charts for both digestion methods on Ni 
for SRM1635, the three readings from the six digestions are in clumps or 
groups. The clumping is more prevalent in the microwave digestion.
The process for determining Se was out of control for both 
digestion methods (Figures 23 and 24), but the mean concentrations were 
approximately the same. Both control charts indicated that the 
digestion process was more variable than the instrumentation used to 
determine the Se concentration.
Most of the control charts for SRM1635 indicate that the digestion 
of the coal caused the greater variability in the results than the AAS 
instruments. The control charts comparing the hot plate and microwave 
digestions for Illinois No. 6 and Sufco coals are in Appendix A. The 
results for Illinois No. 6 and Sufco coals were very similar to the 
results for SRM1635. The greatest variability was in the digestion 
process, with the instrument variation much less.
To find the greatest variability in the process, a comparison of 
the means of the individual elements was completed (Table 24). The 
variances of the two digestions methods often differed significantly.
The SRM1635 and Sufco microwave digestions showed a greater variance for
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Ni than the hot plate digestions, but the hot plate digestion for 
Illinois No. 6 coal had a greater variance than the microwave digestion. 
The microwave digestion for As in all 3 coals had a greater variance 
than the hot plate digestion. The hot plate digestions showed greater 
concentration variances for Pb than the microwave digestions. In the 
microwave digestion of Illinois No. 6 for Pb, all eighteen readings were 
exactly the same which probably indicates a problem with the 
instrumentation or recording the data. Therefore, the variance and 
means using microwave digestion for Pb on Illinois No. 6 coal could not 
be tested. The Pb values for Illinois No. 6 using the hot plate 
digestion also showed a problem due to the high deviation. Therefore, 
both digestion methods on Illinois No. 6 should be repeated. Table 24 
also showed a significant difference in the mean concentrations for all 
elements for the two digestion methods for Illinois No. 6. For SRM1635, 
only Pb, Ni, and Se showed a significant difference in the mean values 
for the two digestion procedures, while Cd, Cr, Pb, and Se mean 
concentrations for Sufco coal were significantly different. For all of 
the coals, the hot plate digestion produced the lower mean concentration 
for Cr and Se, higher mean concentrations for Pb, and approximately 
the same mean concentration for Cd. For As and Ni, SRM1635 and Illinois 
No. 6 coals had lower mean concentrations in the hot plate digestion 
than the microwave digestion, while this was reverse for these elements 
in Sufco coal.
Due to the significant differences between the mean concentration 
values, several analyses of variance were completed on the sample 
preparation and instrumentation for both digestion methods. The F 
values from the analysis of variances are presented in Table 25 (more 
complete tables are in Appendix C). For all of the coals and both 
digestion methods, there were no significant differences noted for the
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Comparison of the Means for the Elemental Results for Two Digestion 
Procedures on Three Coals Using AAS
Table 24
Mean Concentration ± 1 STD
Element
Variance Means
Hot Plate Microwave £ £
Digestion Digestion
SRM1635 Cpal
As 0.45 ± 0.17 0.35 ± 0.21 1.50 1.62
(n=18) (n=30)
Cd 0.02 ± 0.02 0.03 ± 0.01 4.88** 0.48
(n=18) (n=30)
Cr 1.86 ± 0.23 1.88 ± 0.17 1.90 0.19
(n=18) (n=15)
Pb 1.63 ± 0.56 0.67 ± 0.19 8.39** 6.31**
(n=15) (n=15)
Ni 1.85 ± 0.39 3.23 ± 1.15 9.77** 4.45**
(n=18) (n=18)
Se 0.78 ± 0.04 0.86 ± 0.08 4.67** 3.80**
(n=15) (n=18)
Illinois No. 6 Coal
As 1.72 ± 0.11 0.61 ± 0.28 6.28** 19.40**
(n= 18) (n=30)
Cd 0.32 ± 0.03 0.34 ± 0.03 1.67 2.36*
(n=18) (n=30)
Cr 13.38 ± 3.06 25.84 ± 1.09 7.90* 16.24**
(n=18) (n=18)






11.33 ± 1.00 
(n=18)
2.67 ± 0.28 
(n=15)
14.74 ± 0.89 
(n=18)







As 0.55 ± 0.15 0.61 ± 0.29 3.83** 0.86
(n=18) (n=29)
Cd 0.05 ± 0.01 0.04 ± 0.01 3.75** 3.99*
(n=18) (n=18)
Cr 13.301 2.78 25.84 ±1.09 6.51** 17.81**
(n=18) (n=18)
Pb 1.75 1 0.52 0.93 ± 0.11 23.15** 6.62**
(n=18) (n=18)
Ni 8.25 1 0.47 8.08 ± 1.13 5.69** 0.62
(n=18) (n=18)
Se 1.29 ± 0.01 1.51 ± 0.04 7.12** 24.23**
(n=15) (n=18)
Note. When the F value was significant at the 0.05 level, the t value
for unequal variances was used.
*£<0.05 **£<0.01
instrumentation. The hot plate digestion method for all of the coals 
showed a significant difference in the sample preparation from one trial 
to the next for all the elements except Se in SRM1635. The microwave 
digestions completed on Illinois No. 6 indicated a significant 
difference in the sample preparation for all of the elements. Only two 
elements for coals SRM1635 (Cd and Cr) and Sufco (As and Pb) did not
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Table 25












A s 2.79 0.74 5.65** 2.17
Cd 23.01** 0.11 1.10 1.89
Cr 16.72** 0.39 0.64 0.49
Pb 4.36* 0.33 6.38** 0.55
Ni 440.40** 0.02 151.92** 0.02
Se 1.23 0.76 92.64** 0.11
Illinois No. £
As 5.50** 1.03 3.22* 0.35
Cd 70.43** 0.08 20.15** 0.02
Cr 31.96** 0.02 56.25** 0.04
Pb 1143.64** 0.00 8.36** 0.16
Ni 420.47** 0.00 6.20** 0.44
Se 158.57** 0.02 54.07** 0.05
Suft o
As 16.02** 0.03 1.48 1.81
Cd 167.73** 0.03 25.60** 0.11
Cr 163.14** 0.01 3.26* 0.03
Pb 50.36* 0.03 0.70 1.61
Ni 10.85** 0.28 8.36** 0.22
Se 28.94** 0.08 10.47** 0.73
*£< 0.05 **£< 0.01
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show a significant difference in the microwave sample preparation.
Hence, similar to the XRF techniques, the AAS instruments provide 
repeatable results, but the sample preparation techniques often varied 
and caused significant differences in the concentration levels of the 
trace elements analyzed.
Reproducibility
To determine the reproducibility of the different techniques, a 
comparison of the observed concentrations to the accepted concentrations 
of reference standards was performed using control charts. Due to 
limited availability of the certified reference materials and the 
elements certified, the different techniques did not always use the same 
certified standards or the same number of standards.
This study began with the intention of analyzing both coal and fly 
ash for trace elements. Only a small amount of fly ash was produced 
when a coal was burned. Therefore, there was not enough fly ash sample 
to analyze by the XRF and AAS techniques. Therefore, only the trace 
elements in coal samples could be determined by the XRF techniques.
X-rav Fluorescence Techniques
Since only coals were analyzed for trace elements by XRF, the 
reproducibility of the XRF techniques for trace element determination in 
coal was completed. The results were shown in control charts due to the 
small number of standards that were available to determine the 
reproducibility (Figures 25 through 28). The control charts use the 
mean, UCL, and LCL lines of the accepted value of the three or four 
certified coal standards. Most of the certified trace element standards 
were used to calibrate the XRF instruments. Only three or four coal 
standards were set aside to test the reproducibility of the XRF
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instruments. The diamond shaped symbols on the control charts indicate the 
experimentally determined values.
The experimental values for Cr determined by WDXRF ranged between 60 and 
2 ppm. The Cr values were all within the control limits set by the accepted 
or certified value (Figure 25). For three of the coals which had greater than 
10 ppm of Ni, the experimentally determined Ni values by WDXRF were within the 
control limits of the accepted value (Figure 26). For the SRM1635 coal, the 
experimental Ni values were above the acceptable limits. For both trials of 
the SRM1635 coal, the WDXRF experimental Ni values were above the acceptable 
limits. For at least one trial of the four coals, the WDXRF experimental Pb 
values were between the control limits of the accepted value (Figure 27). 
However, one from each of the SARM19 and SRM1635 trials was slightly outside 
the control limits.
Only two coal standards were used to test the reproducibility of Cr for 
EDXRF because the LLD was too high to detect Cr in the other coals (Figure 












» Experimental   UCL .. LCL — Accepted
Figure 25. Experimental values plotted with accepted mean values for Cr
using WDXRF on three coal standards.
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Coal Standards
4 Experimental _ UCL .. LCL — Accepted
Figure 26. Experimental values plotted with accepted mean values for Ni 
using WDXRF on four coal standards.
4 Experimental —  UCL -- LCL — Accepted
Figure 27. Experimental values plotted with accept mean values for Pb




« Experimental _ UCL .. LCL — Accepted
Figure 28. Experimental values plotted with accepted mean values for Cr 
using EDXRF on two coal standards.
SRM1632A SARM18 SARM19 SARM20
Coal Standards
« Experimental _ UCL .. LCL — Accepted
Figure 29. Experimental values plotted with accepted mean values for Ni
using EDXRF on four coal standards.
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the accepted value. However, for SRM1630, the experimental Cr value was 
high. These results indicate that the EDXRF has about a 10 to 15 ppm 
higher LLD than the WDXRF due to the resolution of the instruments. 
Figure 29 shows the results for the reproducibility of Ni by EDXRF. The 
experimental Ni values all fall between the control limits of the 
accepted value of the coal standards.
Atomic Absorption Spectrometry Techniques
Since few standards were used to calibrate the AAS techniques, 
control charts for the hot plate and microwave digestions for SRM1635 
for six of the elements were produced using the certified values for the 
mean and standard deviation for the mean, UCL, and LCL lines (Figures 30 
through 41). The As control chart for the hot plate digestion (Figure 
30) indicated that the experimental values fell within the accepted 
values. Using the microwave digestion method, all but one of 
experimental values for As fell within the UCL and LCL lines of the 
control chart (Figure 31), but the control charts did indicate a sample 
preparation problem.
For the hot plate and microwave digestion for Cd in SRM163S, the 
experimental values fell within than the UCL and LCL for the accepted 
mean Cd concentration with one exception (Figures 32 and 33). The 
experimental Cd values for the microwave digestion were usually below 
the accepted mean (Figure 33), suggesting a problem in the process.
Figure 34 and 35 show the control charts for the two digestion 
methods of Cr. All of the experimental values of Cr for both methods 
were below the accepted mean and most were below the LWL or 2 STD below 
the accepted mean, but all were above the LCL. These low readings 
indicate that there is a problem in the overall process.
The majority of the experimental values for the Pb using the hot 
plate digestion were within the UWL and LWL (Figure 36), with four of
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_Accepted Mean - - ±2 STD _  ±3 STD
Figure 30. Experimental values plotted with accepted mean values for As 
on SRM1635 coal using hot plate digestion.
A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 Cl C2 C3 C4 C5 D1 D2 D3 D4 D5 El E2 E3 E4 E5 FI F2 F3 F4 F5
Trials_Accepted Mean .. ±2 STD _ ±3 STD
Figure 31. Experimental values plotted with accepted mean values for As
on SRM1635 coal using microwave digestion.
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Figure 32. Experimental values plotted with accepted mean values for Cd 
on SRM1635 coal using hot plate digestion.
Trials
_  Accepted Mean .. ±2 STD —  ±3 STD
Figure 33. Experimental values plotted with accepted mean values for Cd
on SRM1635 coal using microwave digestion.
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Figure 34. Experimental values plotted with accepted mean values for Cr 
on SRM1635 coal using hot plate digestion.
_Accepted Mean - - ±2 STD —  ±3 STD
Figure 35. Experimental values plotted with accepted values for Cr on
SRM1635 coal using microwave digestion.
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Figure 36. Experimental values plotted with accepted mean values for Pb 
on SRM1635 coal using hot plate digestion.
_Accepted Mean .. ± 2 STD —  ±3 STD
Figure 37. Experimental values plotted with accepted mean values for Pb
on SRM1635 coal using microwave digestion.
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_  Accepted Mean __ ±2 STD —  ±3 STD
Figure 38. Experimental values plotted with accepted mean values for Ni 
on SRM1635 coal using hot plate digestion.
_Accepted Mean .. ±2 STD —  ±3 STD
Figure 39. Experimental values plotted with accepted mean values for Ni
on SRM1635 coal using microwave digestion.
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_  Accepted Mean _. ±2 STD —  ±3 STD
Figure 40. Experimental values plotted with accepted mean values for Se 
on SRM1635 coal using hot plate digestion.
Figure 41. Experimental values plotted with accepted mean values for Se
on SRM1635 coal using microwave digestion.
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the Pb hot plate digestion values falling below the LCL for the accepted 
concentration. One complete hot plate digestion trial fell outside the 
acceptable limits suggesting a sample preparation problem. The 
microwave digestion control chart (Figure 37) show that all of the 
experimental Pb values were lower than the LCL line for the accepted 
concentration, but showed a much narrower range of values than the hot 
plate digestion. The Ni control chart (Figures 38) showed that the 
majority of experimental values for the hot plate digestion method fell 
within the accepted limits. Only one of the digestions showed values 
above the acceptable limits. Figure 39 showed that only one of the 
microwave digestions for Ni was within the acceptable limits, with all 
of the other values being above the UCL.
The Se control charts for both digestion methods showed that all 
the values were within the acceptable limits (Figures 40 and 41). The 
hot plate digestion values are all slightly below the mean possibly 
indicating a problem.
Comparison
Few samples were analyzed by more than one technique due to the 
small amount of sample and costs. The samples that were analyzed by 
NAA, EDXRF, WDXRF, and AAS techniques were the residues from the 
chemical fractionation of Sufco coal. The leachates from these two 
chemical fractionations were analyzed by AAS and NAA. Due to the small 
number of samples analyzed by all four techniques, a statistical 
comparison was not possible to complete on the data. Due to the 
differences in the LLQ for the instruments, some of the results obtained 
from the instruments were below the instrument's detection limits and 
were indicated as "less than." The less than readings make a comparison 
of the techniques difficult. When a less than reading was reported, the 
reading was omitted when graphing the results.
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A comparison of the techniques was presented in graphical form for 
Cr, Pb, and Ni on the chemical fractionation of Sufco coal (Figures 42 
through 45). Cr and Ni were analyzed by all four techniques and the 
results could be graphed. Pb was also shown in the graphs but could not 
be determined by either EDXRF or NAA. The NAA and WDXRF results 
compared favorably for all three elements on all four residues except 
for the Ni concentration in the CF1 residue, which was the raw coal.
The results for the AAS and EDXRF did not show as close an agreement as 
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Chapter Five contains the discussion and interpretation of the 
results dealing with sample preparation and instrumentation. The sample 
preparation procedures and the instruments affected the repeatability 
and reproducibility of the results. The following discussion includes 
possible explanations for these findings and suggestions for further 
study.
Repeatability
The elements analyzed by each instrument were determined and the 
LLQ and LLD for each element were set. For each element analyzed by an 
instrument, the instrument repeatability indicated that results obtained 
were not significantly different from trial to trial. Sample 
preparation produced a different outcome, which showed greater variation 
than the instrumentation. The type of coal, the element analyzed, the 
sample preparation technique, the laboratory preparing the sample, and 
the instrument used to analyze the element played a role in determining 
the repeatability of the sample preparation.
Sample preparation variability was easily seen using control 
charts. The control charts were valuable tools in this study which 
provided a quick, simple way to evaluate the overall process, providing 
quality assurance information about the instrument and the sample 
preparation. For this reason, control charts were useful in QA/QC 




The two XRF techniques used in this study were EDXRF and WDXRF.
Ni and Cr were analyzed by both XRF techniques. Due to the resolution 
capability, the WDXRF was used to analyze Pb, but the EDXRF was not.
The sample preparation was the same for both techniques which involved 
pressing pellets.
The XRF sample preparation included such variables as the 
laboratory preparing the sample, the subdivision of the sample, the 
sample grinding time, and the sample grinding medium. However, not all 
of these variables could be dealt with on an individual basis.
Laboratory A had more experience in dealing with trace element sample 
preparation and was very aware of the necessity to be as consistent as 
possible. This was the first time Laboratory B prepared pellets for 
trace element analysis.
The results on the WDXRF pellets suggested that if the sample 
preparation was performed in a consistent manner, both the sample 
preparation and instrumentation could be within statistically repeatable 
limits for Ni, Cr, and Pb in coals. The grinding time and grinding 
medium experiment did not produce significantly different results. The 
concentrations of Ni and Pb appeared to be decreasing with an increase 
in grinding time when no grinding medium was used. The Cr concentration 
appeared to decrease with an increase in grinding time using alcohol as 
the grinding medium.
The different laboratories produced pellets that were 
significantly different in the mean concentrations of Ni and Cr for both 
XRF techniques, and for Pb with the WDXRF technique. However, the value 
for the Cr and Ni ±2 STD for the WDXRF and the EDXRF showed that the 
values for the two laboratories overlapped. Therefore, even though the 
mean concentration showed a significant difference, the results may not 
always be considered to produce different analytical results since the
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95% confidence limits overlapped. However, the variance for Ni using 
WDXRF for Laboratory B and the variances for Ni and Cr for both 
laboratories using EDXRF were greater than 1 ppm for ±1 STD, and should 
be reduced if possible.
The results for Laboratory A for the WDXRF showed more consistent 
results in the sample preparation techniques than Laboratory B. One STD 
of 0.5 ppm or less was shown for Laboratory A using WDXRF for all of the 
elements determined. When an analysis of variance was performed, no 
significant difference was detected in the pellets. Laboratory B had 1 
STD for all of the elements ranging from 0.63 to 1.41 ppm and the 
analysis of variance did show significant differences in the six 
pellets. However, the sample preparation for the EDXRF showed that 
laboratories produced about equally consistent pellets. Both 
laboratories showed no significant differences for the pellets in Cr, 
but did for Ni. Therefore, the differences in the pellets from 
Laboratory B was probably due to the lack of consistent grinding time 
and grinding pressure from one sample to the next.
Atomic Absorption Spectroscopy Techniques 
The AAS techniques used were EAAS for Cr, As, Ni, Pb, and Cd; HG- 
AAS for Se; and CV-AAS for Hg. The samples analyzed by the AAS 
techniques need to be in a liquid form. Therefore, the coal samples 
were prepared by either microwave or hot plate digestion which converts 
the C matrix to C02 using acids to provide a solution which can dissolve 
the inorganic elements.
The control charts indicated that the overall process for the AAS 
techniques were often out of control. When statistical tests were done 
on the repeatability of the AAS instruments, the results showed no 
significant differences. Therefore, the AAS instruments, like the XRF
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instruments, could be calibrated to produce repeatable results for the 
trace elements analyzed.
The two sample preparation methods for the AAS techniques produced 
samples which were significantly different for the majority of the 
elements determined regardless of which coal was used. The hot plate 
digestion method produced significantly different results from one 
sample preparation trial to the next for all elements of the three coals 
except Se in SRM1635. The microwave digestion produced significant 
differences for all elements in Illinois No. 6 coal, and four of the six 
in SRM1635 and Sufco coals. This indicated the greatest variances for 
the overall process of determining the trace elements in coal by AAS was 
due to the sample preparation procedure. Therefore, the development of 
a consistent method of preparing the coal for the AAS techniques is 
necessary.
When comparing the two digestion methods, the digestion methods 
did not produce a significant difference in the concentrations 
determined for As, Cd, and Cr in SRM1635 coal, and As and Ni in Sufco 
coal. All of the other elements showed a significant difference in the 
concentrations obtained by the two digestion procedures. Contamination 
may be the cause for some of the differences detected in the hot plate 
digestion. One possible source of contamination was the laboratory 
atmosphere. As the coal samples are being weighed or heated, some trace 
metals may deposit on the sample. The two most likely air-borne 
contaminants are Hg and Pb due to industrial and natural emissions.
These two elements also tend to remain in the atmosphere for long 
periods of time. Another source of sample contamination may have 
resulted from the leaching of trace elements from the Pyrex™ glass 
flask during the digestion. The leaching may be caused from the length 
of time that the acids were in contact with the glass at an elevated 
temperature. Since a blank digest, where only the acid solution without
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a coal sample was included with a suite of samples, the leaching from 
the glass probably was not a major source of contamination unless the 
coal itself was reacting with the glass.
The microwave digestion sample preparation was inconsistent for 
the majority of the elements determined and typically differed from the 
hot plate digestion. Again, contamination may have caused some of the 
inconsistencies. The coal samples were weighed in the open, thus the 
samples may have been contaminated if the laboratory air contains trace 
elements. However, since the vessel used to do the microwave digestion 
was sealed, atmospheric contamination should not have been a problem 
during the digestion process.
There were other problems that occurred in this study with the 
microwave digestion process. Some of the vessels exploded. Another 
problem was the discoloration of the Teflon™ linings of the vessels.
The discoloration could have been due to the inorganic elements 
diffusing into the lining and then in the next digestion possibly 
contaminating the sample. Because these problems were encountered, new 
vessels were purchased after this study was completed. The initial 
tests on these vessels showed no discoloration and none of them blew up. 
Further testing using these vessels needs to be completed to see if more 
consistent sample preparation can be achieved.
Reproducibility
Only a small number of trace element coal and fly ash samples were 
available for this study. Most of these standards were used to 
calibrate the two XRF techniques along with some standards that were 
made. Only a few standards which were not used to calibrate the XRFs 
were available to test the reproducibility of the techniques.
Therefore, a graphical method was used rather than a rigorous
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statistical test. All of the WDXRF values for Pb and Cr, and three of 
the Ni values, fell between the UCL and LCL of the accepted value. The 
one coal, which had a low Ni level, fell outside of the control limits 
of the accepted value. This indicated that the concentration of the Ni 
in the coal was probably below the LLQ for the WDXRF, but may be due to 
incorrect calibration of the WDXRF at the low concentration levels.
The AAS techniques used liquid standard solutions to calibrate the 
instrumentation so that the issue of a sufficient number of standards 
was not as critical as for the XRF techniques. For this study only one 
coal standard was used to test the reproducibility of the AAS techniques 
for two reasons: (a) trace element standards, which are normally 
obtained in lots of 500 to 1,000 g, were expensive, and (b) a large 
amount of sample was required to complete one digestion procedure. 
Therefore, only one standard was used to determine the reproducibility 
of the AAS techniques with the results being shown in modified control 
charts. Most of the experimental values were found to be within the 
the acceptable limits of the standard, but on the low side. This was 
especially noted in the hot plate digestion indicating that the volatile 
elements were emitted from the unsealed flask during the digestion 
process.
The As hot plate digestion showed significant differences from one 
digestion to the next, but the microwave digestion did not. The control 
chart using the mean and LCL and UCL lines for the standard showed that 
the majority of experimental values for the hot plate digestion were 
higher than the LCL line. The majority of the experimental values using 
microwave digestion fall between the UCL and LCL lines of the accepted 
value. These results indicate that the microwave digestion was a better 
preparation method for As. The experimental determination for As showed 
a fair agreement with the accepted value, indicating that contamination 
may not have been a problem when determining As for these tests.
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The sample preparation for Cd in SRM1635 resulted in significant 
differences from one digestion to the next for the hot plate digestion 
method. However, the concentration for Cd in SRM1635 was less than 1 
ppm, and the difference between the experimental and accepted values 
were usually less than 0.5 ppm. For the microwave digestion, all of the 
values were between the UCL and the mean lines for the standard. The 
microwave digestion was the better of the two digestion techniques and 
agreed with the accepted value, but was on the low side of the accepted 
value.
Both digestion methods on SRM1635 coal have the Cr experimental 
values below the mean of the accepted value and have approximately the 
equal mean concentrations. The hot plate digestion showed more definite 
clumps due to the sample preparation than did the microwave digestion. 
The hot plate digestion also showed a significant difference in the 
sample preparation. The control charts indicated that problems existed 
with both digestion techniques for Cr. The Cr in the hot plate 
digestion may have volatilized and been emitted during the digestion 
process. For the microwave digestion, the Cr may have escaped during 
the venting steps. Another possibility involves the the accuracy of the 
standard reference material which was certified over 10 years ago.
Since the certification of SRM1635, the technology has improved allowing 
more a more accurate assessment of the concentration levels of the trace 
elements.
The standard control charts for the Pb results showed the 
experimental values were erratic for the hot plate digestion with some 
of the values within the acceptable limits and others below. For the 
microwave digestion all of the Pb values were below the LCL line. 
Contamination cannot be used to explain the low results of the 
experimental values for Pb using the microwave digestion and some of the 
hot plate digestion results. For the hot plate digestion, the Pb could
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easily be lost in the vapor state from the open vessel. For the 
microwave digestion, the vessel was sealed and the only time a volatile 
element can be lost was during the venting of the microwave vessel.
Since the microwave values were all less than the LCL line for the 
standards, the results suggest a more plausible explanation for the 
removal of Pb is the Pb combining with sulfate ion to form a 
precipitate. This precipitate could easily be occurring in both 
digestion processes but is more apparent in the microwave digestion. 
Therefore, when analyzing for Pb in coal, sulfuric acid should not be 
used in the digestion process.
The hot plate digestion for SRM1635 for Ni showed experimental 
values for one digestion above the UCL for the accepted value and the 
other values withing acceptable limits. The experimental values for the 
microwave digestion were generally above the UCL of the standard. Since 
both digestion methods provided some values which were higher than the 
accepted value, contamination may have been the cause of the difference. 
The brush used to clean the volumetric flask may be a source of Ni 
contamination. The wire portion of the brush may scratch the side of 
the flask, and the subsequent acid washing procedure to remove the 
residues at room temperature may not be adequate to remove all traces of 
the residue. If any residue from the brush was left; the acids, the 
temperature, the pressure, and the duration of the digestion process may 
add the stainless steel residue to the solution. Thus a high reading 
may occur for some elements (e.g. Ni, Cr, Cd, and Pb). However, since 
both digestion processes used the same cleaning procedures, this 
explanation may not adequate explain the higher readings for the 
microwave digestion procedure. Problems were also noted during this 
study involving the discoloration of the microwave vessel. This may 
have been caused by elements being left behind from a previous digestion 
and then removed from the lining of the vessel into the sample solution
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due to the corrosive nature of the acids. One possible element that 
could be removed from the lining of the vessel is Ni.
The Se experimental values for both hot plate and microwave 
digestions were well within the acceptable limits of the standard 
reference material. The microwave showed values on both sides of the 
mean while the hot plate digestion values were all below the mean. 
Therefore, the microwave digestion was the better method to used when 
trying to determine Se in coal.
Overall, the microwave digestion technique was better than the hot 
plate digestion method, and the As, Cd, Cr, and Se experimental results 
showed fair agreement with the accepted values for SRM1635 coal. The Ni 
experimental results were higher than the accepted value, and the Pb 
values were low using the microwave digestion. The discrepancies may 
have been due to contamination or to the formation of a precipitate as 
discussed previously. The other possible explanation for the 
discrepancies may have been due to inaccuracy of the accepted values of 
the standard SRM1635 coal, which were determined using earlier analysis 
methods. As instrumentation and sample preparation technology and 
understanding of trace elements increases, the accepted values may 
change slightly. Thus, the AAS techniques had the most difficulty in 
determining Ni and Pb.
Little was done in this study on Hg determination for two reasons. 
Once As, Cd, Cr, Pb, Ni, and Se were determined by the AAS techniques, 
there was insufficient sample left to determine the Hg concentration by 
CV-AAS. Only one set of microwave digestions on Pittsburgh No.8 coal 
had sufficient sample to determine the Hg concentration. These results 
are shown in Appendix B. The second reason was that the XRF techniques 
could not be used to determine Hg due to the low concentration levels in 
the samples which were below the LLQ for the XRFs. Therefore, only CV- 
AAS was used to determine the Hg concentrations in the samples.
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Comparison of Techniques
The plan for this study was to perform a statistical comparison of 
the EDXRF, WDXRF, NAA, ICP-AES, and AAS techniques using several samples 
that were analyzed by all techniques. The ICP-AES was not used because 
the concentrations for the trace elements were typically below the LLQ 
of the instrument. Due to the cost, only one set of chemical 
fractionation results on Sufco coal was analyzed by all of the 
techniques. Therefore, only a graph representing these results could be 
generated. The graph showed the best agreement between NAA and WDXRF 
for Ni and Cr. Little agreement was seen between NAA and AAS.
Another chemical fractionation was completed on Illinois No.6 
coal. The four fractions were analyzed by AAS and WDXRF only. Again 
the two techniques did not compare well. The results from the two 
chemical fractionations were to be used to provide some indirect 
evidence regarding the associations of the seven trace elements under 
study. However, due to the dissimilar results from the techniques, it 
was determined that further study needed to be done on the sample 
preparation techniques themselves. Once the sample preparation 
techniques are consistent and a protocol developed as to the technique 
of choice for determining each element, then the chemical fractionations 
should be redone. At this time, no information as to mode of occurrence 
for the trace elements could be determined.
Greater instrument variability was noted for the EDXRF than for 
the WDXRF due to the lower resolution capabilities of the EDXRF. Also, 
the LLQ for the WDXRF was lower than the EDXRF making the WDXRF the 
better of the two instruments for the analyses of these trace elements.
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The WDXRF produced reasonable results for the three elements that it 
could determine, Pb, Ni, and Cr. The AAS techniques worked well in 
determining the concentrations of As, Cd, Cr, Se, and Hg, but not as 
well for Pb and Ni. This study indicated that Ni and Pb were best 
determined by WDXRF; As, Cd, Se, and Hg were best determined by AAS; and 
Cr could be determine by either WDXRF or AAS. The sample preparation 
techniques showed significant differences. More experimentation needs 
to be performed in the area of sample preparation for all of the 
techniques. The results from further sample preparation testing may 
indicate a need to change the current protocol.
Further Study
The sample preparations for all of the techniques used in this 
study need further testing. For the XRF techniques, the optimum 
grinding time and grinding medium need to be determined for the 
individual elements. Once the optimum grinding time and medium is 
determined, the sample preparation needs to be checked for consistency. 
For the AAS techniques, the microwave digestion provided less variable 
results which were closer to the accepted values. However, further 
investigation needs to be done on the reactions between the acids and 
coal during the digestion process. Also, the possible sources of 
contamination for the digestion processes need further investigation to 
provide more consistent and accurate results.
Illinois No. 6 and Pittsburgh No. 8 coals are both ranked as 
bituminous coals. Sufco coal was developed at the same times as 
subbituminous coals but due to unusual geological processes is ranked as 
a bituminous coal. SRM1635 coal is ranked as a subbituminous coal. The 
control charts indicated that Illinois No. 6 and Pittsburgh No. 8 were 
similar to one another, while Sufco coal was similar to SRM1635. These 
results may suggest a possible correlation of trace element behavior
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with the coal rank. Further study needs to be conducted to test a 
possible correlation.
For this study, the subdivision of the sample was included in the 
sample preparation. However, further study needs to be conducted on 
sample subdivision, which is a study in itself.
The cause of the variance in the Ni, Cr, and Pb as determined by 
XRF needs further investigation to determine if the differences were due 
to the instrument variability, the grinding time, the grinding medium, 
the associations of these elements, or how the sample was subdivided.
The effect of the grinding time and grinding medium on the different 
elements must also be determined. Then, an optimum grinding time and 
medium can be used to prepare consistent XRF pellets. Further 
investigation using different types of coals and standard reference 
materials using a similar test matrix to the present work needs to be 
completed on the sample preparation involving grinding time, grinding 
media, and the individual preparer.
This study showed that the type of acid used in the digestion 
process for the AAS techniques can affect the concentration levels of 
various trace elements. Further testing to determine the effect of the 
acids on determining the individual trace elements concentrations needs 
to be done. Also, the possible sources of contamination during the 
microwave digestion process needs to be studied.
Once the sample preparation problems are resolved, then tests to 
provide information about the mode of occurrence for the trace elements 
can be undertaken. The mode of occurrence of the elements is important 
to providing information about the physical and chemical reactions 
during coal combustion and gasification.
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Conclusion
The ways of introducing toxic elements into the environment from a 
coal combustion or gasification system are: a) vapor and fine 
particulate emissions from the stack, b) fly ash that was either 
disposed of in a landfill or utilized (e.g. as a cement replacement), 
and c) other solid residue that may be placed in a landfill or utilized. 
Once the toxic elements enter the environment, the elements can be 
indirectly brought to humans by entering the food chain through plants, 
water, or air; or directly taken in by humans and with possible adverse 
health effects. When determining the effects of some of the toxic trace 
elements, there is often a fine line between the amount of the element 
that was considered to have a beneficial or adverse effect.
One must also keep in mind that the major source of the toxic 
elements are from natural sources, and that anthropogenic sources 
provide a minor amount. Of the possible anthropogenic sources of 
combustion of fossil fuels is only one of many. Thus, the amount of 
toxic elements released by coal combustion and gasification is minimal 
in the global picture. However, the emission rate of toxic elements 
from coal combustion and gasification processes, as well as other 
anthropogenic sources, do need to be reduced whenever possible.
As the population grows and more technological advances are made 
that improve the quality of life, the number of anthropogenic sources 
that release toxic substances increases. Therefore, increased awareness 
of the environmental consequences and the health effects on humans, 
animals, and plants are necessary. To address the issue of 
environmental consequences, the federal government has passed the CAAA 
to help regulate the release of toxic substances by American industry. 
Two of the processes regulated by the CAAA are the combustion and 
gasification of fossil fuels. In order to minimize the release of toxic 
substances from coal combustion/gasification, a complete understanding
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of all of the physical and chemical processes involving trace elements 
are necessary. Therefore, the concentration level and mode of 
occurrence of the trace elements in the coal at the beginning of the 
process all the way through the process were necessary. The mode of 
occurrence of the trace elements is important in understanding the 
chemical and physical processes during combustion or gasification. The 
mode helps to determine if the trace element will form slag or bottom 
ash, while others volatilize due to the temperature. If the element 
vaporizes, the vapor may remain in the gas phase or recondense as fine 
aerosol on a fly ash particle or on the surface of the boiler. The 
inorganic elements released during the combustion or gasification of 
coal as fly ash particles or a vapor have the greatest potential to be 
emitted into the environment.
The organically bound elements have a greater chance of reacting 
or vaporizing than the inorganically bound elements. If an element can 
vaporize, the chance of the element either condensing on the fly ash 
particles or being emitted as a vapor increases. The vapor tends to 
condense on the submicron fly ash particles, which in turn have a 
greater chance of being emitted from the stack than larger particles.
The condensation of the trace elements such as Ni, Pb, and Hg. on the 
submicron fly ash particles has been well documented. Hence, the mode 
of occurrence of the elements becomes very important in terms of where 
the elements are partitioned in the system. If the mode of occurrence 
of the various elements in the coal is known, certain additives or 
operating conditions may be changed or altered to help after the 
partitioning of the element, and prevent or reduce toxic substances from 
being released.
The level of the elements in the coal was important to determine a 
mass balance of the elements in the system. A mass balance helps to 
determine the amount of toxic substance entering the system and retained
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by the system and where the elements are in the system. Therefore, a 
complete understanding of the level and mode of occurrence for the toxic 
substances will help to promote overall efficiency of the process of 
reducing the release of toxic substances.
The first step in reducing the emission levels is to determine the 
concentration and mode of occurrence for the trace elements in the feed 
coal. Without knowing the level of the trace elements present in the 
original coal, one cannot determine how to reduce the overall emission 
of the toxic substances. Thus, the repeatability and reproducibility of 
the techniques used to determine the concentration and mode of 
occurrence for the trace elements is a key first step in a comprehensive 
understanding of the combustion and gasification process or indeed for 
any process involving the release of trace elements.
From this study the sample preparation was the step that limited 
the overall repeatability and reproducibility from one sample 
preparation to the next in analyzing for trace elements. A quick, 
simple method of evaluating the overall process of analyzing for trace 
elements was the control charts which indicated that the instruments 
showed little variance and the sample preparation showing more variance. 
The XRF techniques were able to determine concentrations of Pb, Ni, and 
Cr as long as the concentrations were above the LLQ. The AAS techniques 
were better at determining the concentrations of As, Cd, Hg, and Se due 
to sensitivity at the lower concentration levels.
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APPENDIX A
GLOSSARY OF TERMS AND ACRONYMS
This appendix lists the common acronyms and a few select 
terms used in this study.
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AAS: atomic absorption spectroscopy 
ADS: analog-to-digital
ASTM: American standard testing method
ATSDR: Agency for Toxic Substances and Disease Registry 
CAAA: Clear Air Act Amendments
Chemical fractionation: a selective leaching process done on coal 
to determine the distribution of elements within the organic 
and mineral phases based on solubility differences.
CV-AAS: cold vapor atomic absorption spectroscopy 
Digestion: The process of using acids and heat to convert the 
carbon matrix to gases leaving the inorganic elements in 
solution.
EAAS: graphite furnace atomic absorption spectroscopy
EDS: energy dispersive spectroscopy
EDXMA: electron probe x-ray microanalysis
EDXRF: energy dispersive x-ray fluorescence
EMP: electron microprobe
EPA: Environmental Protection Agency
EPXMA: electron probe x-ray microanalysis
ESP: electrostatic precipitator
FAAS: flame atomic absorption spectroscopy
g: grams
HG-AAS: hydride generation atomic absorption spectroscopy 
ICP-AES: inductively coupled plasma spectroscopy 
XCPMS: inductively coupled plasma mass spectrometry 
IDSSMS: isotope dilution spark source mass spectrometry 
INAA: instrumental neutron activation analysis
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L: liter
L M M S : laser microprobe mass spectrometry
LCL: lower control limits, corresponds to -3 STD
T.I.D: lower limit of detection
LliQ: lower limit of quantitification
LWL: lower warning limit, corresponds to -2 STD
Matrix: the hydrocarbon portion of coal
MCA: multichannel analyzer
micro-PIXE: proton-induced s-ray emission in a microbeam mode
MS: mass spectrometry
NAA: neutron activation analysis
OSHA: Occupational Safety and Health Act
PIXE: proton-induced x-ray emission
POT: photomultiplier-amplifier
ppb: part per billion, same as ng/L
ppm: part per million, same as pg/L
QA/QC: quality assurance/quality control
rf: radio frequency
RNAA: radiochemical neutron activation analysis 
SEM: scanning electron microscopy 
SIMS: secondary ion mass spectrometry
Species: the oxidation state or associate anion and ion forms 
Speciation: the ability of determining the differences in the 
species
SSMS: spark source mass spectrometry
SXRF: synchrotron-induced x-ray fluorescence
TEMS: transmission electron microscopy
UCI.: upper control limits, corresponds to + 3 STD
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pg: microgram
pg/L: microgram per liter, same as ppm 
pm: micrometer
USGS: United States Geological Survey 
UWL: upper warning limit, corresponds to +2 STD 
WDS: wavelength dispersive spectroscopy 
WDXRF: wavelength x-ray fluorescence
APPENDIX B
CONTROL CHARTS
This appendix contains the control charts for the EAAS and 
HG-AAS determinations for the Sufco and Illinois No.6 coals using both 
hot plate and microwave digestion. The Pittsburgh No.8 control charts 





_Mean -. ±2 STD _  ±3 STD
Figure 46. As control chart for hot plate digestion using EAAS on 
Illinois No. 6 coal.
AI A2 A3 A4 A5 B1 B2 B3 B4 B5 Cl C2 C3 Ci C5 D1 D2 D3 D4 D5 El E2 E3 E4 E5 FI F2 F3 F4 F5
Trials
_Mean ..±2 STD _  ±3 STD
Figure 47. As control chart for microwave digestio using EAAS on
Illinois No. 6 coal.
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_Mean ..±2 STD _  ±3 STD
Figure 48. Cd control chart for hot plate digestion using EAAS on 
Illinois No. 6 coal.
Trials
_Mean .. ±2 STD _  ±3 STD
Figure 49. Cd control chart for microwave digestion using EAAS on
Illinois No. 6 coal.
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_  Mean - - ±2 STD _  ±3 STD
Figure 50. Cr control chart for hot plate digestion using EAAS on 
Illinois No. 6 coal.
_  Mean ..±2 STD _  ±3 STD
Figure 51. Cr control chart for microwave digestion using EAAS on
Illinois No. 6 coal.
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_  Mean ..±2 STD _  ±3 STD
Figure 52. Pb control chart for hot plate digestion using EAAS on 
Illinois No. 6 coal.
The Pb control chart for the microwave digestion could not be 
plotted for Illinois No. 6 coal because all eighteen values were the
same.
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__ Mean .. ±2 STD _  ±3 STD
Figure 53. Ni control chart for hot plate digestion using EAAS on 
Illinois No. 6 coal.
_  Mean ..±2 STD _  ±3 STD
Figure 54. Ni control chart for microwave digestion using EAAS on
Illinois No. 6 coal.
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Figure 55. Se control chart for hot plate digestion using HG-AAS on 
Illinois No. 6 coal.
_Mean ±2 STD _  ±3 STD
Figure 56. Se control chart for microwave digestion using HG-AAS on
Illinois No. 6 coal.
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_Mean -. ±2 STD —  ±3 STD
Figure 57. As control chart for hot plate digestion using EAAS on Sufco 
coal.
Trials
_Mean - - ±2 STD _  ±3 STD
Figure 58. As control chart for microwave digestion using EAAS on Sufco
coal.
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Figure 59. Cd control chart for hot plate digestion using EAAS on Sufco 
coal.
_Mean - - ±2 STD _  ±3 STD




_Mean - - ±2 STD _  ±3 STD
Figure 61. Cr control chart for hot plate digestion using EAAS on Sufco 
coal.
__ Mean .. ±2 STD _  ±3 STD
Figure 62. Cr control chart for microwave digestion using EAAS on Sufco
coal.
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_Mean - - ±2 STD _  ±3 STD
Figure 63. Pb control chart for hot plate digestion using EAAS on Sufco 
coal.
Figure 64. Pb control chart for microwave digestion using EAAS on Sufco
coal.
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_  Mean - - ±2 STD _  ±3 STD
Figure 65. Ni control chart for hot plate digestion using EAAS on Sufco 
coal.
Trials
_  Mean - - ±2 STD _  ±3 STD
Figure 66. Ni control chart for microwave digestion using EAAS on Sufco
coal.
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_Mean - - ±2 STD —  ±3 STD
Figure 67. Se control chart for hot plate digestion using HG-AAS on 
Sufco coal.
Figure 68. Se control chart for microwave digestion using HG-AAS on
Sufco coal.
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Figure 69. As control chart for microwave digestion using EAAS on 
Pittsburgh No. 8 coal.
_Mean ..±2 STD _  ±3 STD
Figure 70. Cd control chart for microwave digestion using EAAS on
Pittsburgh No. 8 coal.
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Figure 71. Cr control chart for microwave digestion using EAAS on 
Pittsburgh No. 8 coal.
_  Mean .. ±2 STD _  ±3 STD
Figure 72. Ni control chart for microwave digestion using EAAS on
Pittsburgh No. 8 coal.
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Figure 73. Pb control chart for microwave digestion using EAAS on 
Pittsburgh No. 8 coal.
Figure 74. Se control chart for microwave digestion using EAAS on
Pittsburgh No. 8 coal.
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Figure 75. Hg control chart for microwave digestion using CV-AAS on 
Pittsburgh No. 8 coal.
APPENDIX C
ANALYSIS OF VARIANCE TABLES
The complete analysis of variance results for 
techniques for the microwave and hot plate digestions for 







Source of Variation df SS R2 MS I
As 5 0.19 0.54 0.039 2.79
Within 12 0.17 0.014
Total 17 0.36
Cd 5 0.00 0.91 0.000 23.01**
Within 12 0.00 0.000
Total 17 0.00
Cr 5 114.94 0.87 22.988 16.72**
Within 12 16.50 1.375
Total 17 131.44
Pb 5 2.92 0.64 0.584 4.36*
Within 12 1.61 0.134
Total 17 4.53
Ni 5 3.87 0.99 0.773 440.40**
Within 12 0.02 0.002
Total 17 3.89
Se 4 0.00 0.33 0.001 1.23
Within 10 0.00 0.000
Total 14 0.01
*£< 0.05 **£< 0.01
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Table 27
Analysis of Variance for Instrumentation Using Hot Plate Digestion on
SRM1635 Coal using AAS Techniques
Source of Variation df SS R2 MS £
As 2 0.03 0.090 0.016 0.74
Within 15 0.33 0.022
Total 17 0.36
Cd 2 0.00 0.015 0.000 0.11
Within 15 0.00 0.000
Total 17 0.00
Cr 2 6.44 0.049 3.222 0.39
Within 15 124.99 8.333
Total 17 131.44
Pb 2 0.19 0.042 0.095 0.33
Within 15 4.34 0.289
Total 17 4.53
Ni 2 0.01 0.002 0.004 0.02
Within 15 3.88 0.259
Total 17 3.89
Se 2 0.00 0.112 0.000 0.76




Analysis of Variance for Microwave Digestion on SRM1635 using AAS
Techniques
Source of Variation df SS R2 MS Z
As 6 0.82 0.548 0.14 5.65*
Within 28 0.68 0.02
Total 34 1.51
Cd 6 0.00 0.190 0.00 1.10
Within 28 0.00 0.00
Total 34 0.00
Cr 5 0.08 0.211 0.02 0.64
Within 12 0.31 0.03
Total 17 0.39
Pb 6 0.71 0.732 0.12 6.38*
Within 14 0.26 0.02
Total 20 0.96
Ni 6 18.40 0.985 3.07 151.92*
Within 14 0.28 0.02
Total 20 18.69
Se 6 0.15 0.975 0.03 92.64*




Analysis of Variance for the Instrumentation Using Microwave Digestion 
on SRM1635 Coal using AAS Techniques
Table 29
Source of Variation df SS R2 MS £
As 4 0.34 0.224 0.08 2.17
Within 30 1.17 0.04
Total 34 1.51
Cd 4 0.00 0.201 0.00 1.89
Within 30 0.00 0.00
Total 34 0.00
Cr 2 0.02 0.061 0.01 0.49
Within 15 0.37 0.02
Total 17 0.39
Pb 2 0.06 0.058 0.03 0.55
Within 18 0.91 0.05
Total 20 0.96
Ni 2 0.05 0.003 0.03 0.02
Within 18 18.63 1.04
Total 20 18.69
Se 2 0.00 0.012 0.00 0.11





Source of Variation df SS R2 MS £
As 5 0.12 0.696 0.025 5.50*
Within 12 0.05 0.004
Total 17 0.18
Cd 5 0.02 0.967 0.004 70.43*
Within 12 0.00 0.000
Total 17 0.02
Cr 5 148.51 0.930 29.70 31.96*
Within 12 11.15 0.93
Total 17 159.67
Pb 5 9803.50 0.998 1960.70 1143.64*
Within 12 20.57 1.71
Total 17 9824.07
Ni 5 16.88 0.994 3.38 420.47*
Within 12 0.10 0.01
Total 17 16.97
Se 4 1.06 0.984 0.26 158.57*
Within 10 0.02 0.00
Total 14 1.07
* £ <  0.01
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Table 31
Analysis of Variance for Instrumentation Using Hot Plate Digestion on
Illinois No.6 Coal using AAS Techniques
Source of Variation df SS R2 MS £
As 2 0.01 0.038 0.00 0.30
Within 15 0.17 0.01
Total 17 0.18
Cd 2 0.00 0.011 0.00 0.08
Within 15 0.02 0.00
Total 17 0.02
Cr 2 0.40 0.003 0.20 0.02
Within 15 159.26 10.62
Total 17 159.67
Pb 2 2.82 0.000 1.41 0.00
Within 15 9821.25 654.75
Total 17 9824.07
Ni 2 0.01 0.001 0.00 0.00
within 15 16.96 1.13
Total 17 16.97
Se 2 0.00 0.004 0.00 0.02





Source of Variation df SS R2 MS £
As 5 0.66 0.401 0.13 3.22*
Within 24 0.99 0.04
Total 29 1.65
Cd 5 0.02 0.808 0.00 20.15**
Within 24 0.00 0.00
Total 29 0.02
Cr 5 19.38 0.959 3.88 56.25**
Within 12 0.83 0.07
Total 17 20.21
Pb 5 3.36 0.777 0.67 8.36**
Within 12 0.96 0.08
Total 17 4.32
Ni 5 9.74 0.721 1.95 6.20**
Within 12 3.77 0.31
Total 17 13.51
Se 5 0.31 0.958 0.06 54.07**
Within 12 0.01 0.00
Total 17 0.33
*£< 0.05 **£< 0.01
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Analysis of Variance for the Instrumentation Using Microwave Digestion 
on Illinois No.6 Coal using AAS Techniques
Table 33
Source of Variation df SS R2 MS £
As 4 0.09 0.053 0.02 0.35
Within 25 1.56 0.06
Total 29 1.65
Cd 4 0.00 0.003 0.00 0.02
Within 25 0.02 0.00
Total 29 0.02
Cr 2 0.12 0.006 0.06 0.04
Within 15 20.09 1.34
Total 17 20.21
Pb 2 0.09 0.021 0.05 0.16
Within 15 4.23 0.28
Total 17 4.23
Ni 2 0.75 0.056 0.38 0.44
Within 15 12.75 0.85
Total 17 13.51
Se 2 0.00 0.007 0.00 0.05





Source of Variation df SS R2 MS z
As 5 0.43 0.870 0.09 16.02*
Within 12 0.06 0.00
Total 17 0.50
Cd 5 0.01 0.986 0.00 167.73*
Within 12 0.00 0.00
Total 17 0.01
Cr 5 0.89 0.986 0.18 163.14*
Within 12 0.01 0.00
Total 17 0.90
Pb 5 2.25 0.955 0.45 50.36*
Within 12 0.11 0.01
Total 17 2.36
Ni 4 3.59 0.813 0.90 10.85*
Within 10 0.83 0.08
Total 14 4.41
Se 4 0.02 0.920 0.00 28.94*





Analysis of Variance for Instrumentation Using Hot Plate Digestion on
Sufco Coal using AAS Techniques
Source of Variation df SS R2 MS z
As 2 0.00 0.004 0.00 0.03
Within 15 0.49 0.03
Total 17 0.50
Cd 2 0.00 0.005 0.00 0.03
Within 15 0.01 0.00
Total 17 0.01
Cr 2 0.00 0.002 0.00 0.01
Within 15 0.90 0.06
Total 17 0.90
Pb 2 0.01 0.004 0.00 0.03
Within 15 2.35 0.16
Total 17 2.36
Ni 2 0.20 0.045 0.10 0.28
Within 12 4.22 0.35
Total 14 4.41
Se 2 0.00 0.013 0.00 0.08




Analysis of Variance for Microwave Digestion on Sufco using AAS
Techniques
Source of Variation df SS R2 MS £
As 5 0.54 0.24 0.107 1.48
Within 24 1.75 0.073
Total 29 2.28
Cd 5 0.00 0.91 0.0001 25.60**
Within 12 0.00 0.0000
Total 17 0.00
Cr 5 2.58 0.58 0.516 3.26*
Within 12 1.90 0.158
Total 17 4.48
Pb 5 0.04 0.23 0.009 0.70
Within 12 0.15 0.013
Total 17 0.20
Ni 5 16.85 0.78 3.370 8.36**
Within 12 4.83 0.403
Total 17 21.68
Se 5 0.02 0.81 0.003 10.47**
Within 12 0.00 0.000
Total 17 0.02
*£< 0.05 * * £ <  0.01
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Analysis of Variance for the Instrumentation Using Microwave Digestion 
on Sufco Coal using AAS Techniques



































2 0.00 0.089 0.001 0.73
15 0.02 0.001
17 0.02
